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Abstract
Despite vast amounts of data about the ocean floor, very little is known about processes operating 
at mid-ocean ridge spreading centers and the generation of oceanic lithosphere that covers 
approximately 2/3 of Earth’s surface. In particular, geologist are uncertain about specific details 
of magmatic and tectonic processes beneath these divergent plate boundaries and how these 
processes may vary along the spreading axis. Investigations that combine geologic relationships 
and magnetic properties continue to yield fundamental tools for understanding and constraining 
seafloor spreading processes. This thesis contains a collection of studies designed to characterize 
structural geology and magnetic properties of oceanic crust formed in regions with high magma 
supply. A brief overview is provided in an introduction to three separate chapters that are 
considered individual contributions. Chapter one presents paleomagnetic and structural data 
from sheeted dikes that are used in combination with regional geologic relationships to constrain 
the deformation and tectonic history of oceanic crust exposed at the tip of a propagating rift 
on the East Pacific Rise. Chapter two describes the magnetic fabrics of sheeted dikes from 
seafloor exposures that provide evidence for a wide range of magma flow directions beneath 
fast-spreading ridges with high and relatively continuous magma supply. Chapter three provides 
paleomagnetic evidence to support structural observations for significant rotations of crustal 
blocks within a migrating transform fault zone in North Iceland that may exhibit similar 
kinematics to other oceanic transforms.
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 Since the discovery of mid-ocean ridges below the world’s oceans, the synthesis of 
submarine geology and geophysics data helped spark a revolution in geology as these features 
soon became recognized as major boundaries in the new paradigm of plate tectonics. Encircling 
Earth like the seams on a baseball, these seafloor spreading systems are the sites of the most 
voluminous volcanism and represents an efficient mechanism for releasing internal heat. 
Although numerous decades of research have significantly advanced our understanding of 
these submarine divergent plate boundaries, many questions remain. Two primary unknown 
characteristics of mid-ocean ridges revolve around processes that occur beneath the active ridge 
axis and variation in processes along the ridge axis. This thesis investigates aspects of these two 
characteristics to better understand fundamental processes of seafloor spreading centers with high 
magma supply.
 Studies of the processes operating beneath mid-ocean ridges have always proven 
difficult. Processes operating within these subaxial regions can never be directly observed, and 
multiple approaches are required to construct significant understanding. Various methods are 
afforded by geophysical measurements, such as seismic reflection or refraction data, however 
these methods can yield numerous non-unique solutions. A different overall approach is used 
throughout the research projects incorporated into this disseration. In this approach, different 
physical measurements are made of rocks that formed in these subaxial regions below mid-ocean 
ridges, from which different magmatic processes can be inferred. In particular, the studies in this 
dissertation utilize various aspects of inherent magnetic properties of these rocks that include 
iron-bearing minerals, such as magnetite. These properties can be used in a variety of ways to 
quantify processes related to the initial formation of these rocks and subsequent deformation. 
 Primarily two magnetic techniques are utilized in the studies within this dissertation to 
characterize crustal accretion processes and subsequent deformation within the uppermost crust 
from seafloor escarpments and Iceland. Paleomagnetic remanence, the magnetization carried 
in some iron-bearing minerals in the absence of an external magnetic field, offers a crucial tool 
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in the study of igneous terranes. Under certain conditions, these remanence directions provide 
independent evidence of structural rotations in igneous terranes that otherwise lack reliable 
paleohorizontal reference markers. When these conditions are met, for example sufficient 
averaging of Earth’s magnetic field and magnetic remanence was acquired prior to deformation, 
the remanence directions offer an independent reference to assess the magnitude and sense 
of structural rotations. Remanence directions from lavas, dikes, and gabbroic rocks supply a 
quantified constraint on structural rotations related to subsequent deformation. In addition, 
anisotropy of magnetic susceptibility (AMS) provides a quantitative measure of the magnetic 
fabric. This magnetic fabric is the preferred orientation or the distribution of magnetic minerals, 
and has been shown to parallel the silicate crystal fabric in igneous rocks. Since crystals within a 
cooling igneous rock can become aligned during magmatic flow, AMS directions have long been 
used to quantify magma flow directions in dikes. Combining these magnetic techniques with 
structural and field geological relationships further increases the power behind these tools. 
 The topics of research addressed in this dissertation are divided into three chapters:
 Chapter 1 addresses the questions regarding the uppermost crustal structure and processes 
of accretion from a seafloor exposure in a tectonic window, called Pito Deep Rift. 
Structural measurements and fully-oriented block samples of these dikes were collected using 
submersibles. Combined structural data and paleomagnetic remanence directions from these dike 
samples were used to construct feasible models of crustal deformation near the mid-ocean ridge 
axis and subsequent history of the sheeted dike complex. The contents of Chapter 1 are published 
in the Journal of Geophysical Research (Horst et al., 2011). 
 Chapter 2 is focused on using magnetic fabrics to assess variations in magma flow 
directions within dikes formed at a spreading system with high magma supply, the East Pacific 
Rise. The magnetic fabrics were measured in specimens from the same dike samples collected 
from Pito Deep Rift (presented in Chapter 1) and from specimens of dikes collected from another 
seafloor escarpment, called the Hess Deep Rift. The analysis includes a comparison of these 
AMS data from dikes to those from ophiolites, oceanic crust that has been thrust up onto the 
3
continents. These data have interesting implications for subaxial processes below fast-spreading 
ridges.
 Chapter 3 uses structural and paleomagnetic data collected within a broad transform fault 
zone in North Iceland to better characterize the tectonic history in Iceland and better understand 
kinematic details in other oceanic transform faults.
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Abstract
 The uppermost oceanic crust produced at the superfast-spreading (~142 km Ma-1, full-
spreading rate) southern East Pacific Rise (EPR) during the Gauss Chron is exposed in a tectonic 
window along the northeastern wall of the Pito Deep Rift. Paleomagnetic analysis of fully-
oriented dike (62) and gabbro (5) samples from two adjacent study areas yield bootstrapped 
mean remanence directions of 38.9°±8.1°, -16.7°±15.6°, n=23 (Area A) and 30.4°±8.0°, 
-25.1°±12.9°, n=44 (Area B), both are significantly distinct from the Geocentric Axial Dipole 
expected direction at 23° S. Regional tectonics and outcrop-scale structural data combined with 
bootstrapped remanence directions constrain models that involve a sequence of three rotations 
that result in dikes restored to subvertical orientations related to: 1) inward-tilting of crustal 
blocks during spreading (Area A=11°, Area B=22°), 2) clockwise, vertical-axis rotation of the 
Easter Microplate (A=46°, B=44°), and 3) block tilting at Pito Deep Rift (A=21°, B=10°). These 
data support a structural model for accretion at the southern EPR in which outcrop-scale faulting 
and block rotation accommodates spreading-related subaxial subsidence that is generally less 
than that observed in crust generated at a fast-spreading rate exposed at Hess Deep Rift. These 
data also support previous estimates for the clockwise rotation of crust adjacent to the Easter 
Microplate. Dike sample natural remanent magnetization (NRM) has an arithmetic mean of 5.96 
A/m ± 3.76, which suggests that they significantly contribute to observed magnetic anomalies 
from fast- to superfast-spread crust.
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1. Introduction
 Subaxial processes that operate beneath fast and superfast-spreading ridges during crustal 
construction cannot be observed directly, and are typically inferred from ophiolite studies, 
seafloor-surface geological and geophysical observations. Constraints on magmatic accretion, 
mechanical deformation, and hydrothermal alteration processes are determined from the internal 
geologic structure of ophiolites [Moores and Vine, 1971; Penrose Conference Participants, 
1972; Cann, 1974; Casey et al., 1981; Varga and Moores, 1985; Nicolas, 1989], marine seismic 
studies [Christeson et al., 1992; Detrick et al., 1993; Kent et al., 1994; Hallenborg et al., 2003], 
and limited deep crustal drilling [Alt et al., 1993; Pockalny and Larson, 2003; Tivey et al., 2005; 
Wilson et al., 2006]. Additional constraints come from studies of dike intrusion events [Delaney 
et al., 1998; Perfit and Chadwick, 1998], and eruptions along modern spreading centers [Soule 
et al., 2009, and references therein]. Detailed bathymetric and geochemical data along modern 
fast-spreading ridges like the East Pacific Rise (EPR) also contribute to current understanding 
of crustal accretion at fast- to superfast-spreading ridges, however, direct observations along 
seafloor escarpments (tectonic windows) [Karson, 1998, 2002], provide the only prospect to 
observe oceanic crust in situ in three-dimensions.
 Tectonic windows into the oceanic crust provide the opportunity to directly investigate 
structural, magnetic, and compositional aspects of extensive exposures of the upper oceanic crust 
in situ from which to infer spreading processes [Francheteau et al., 1990; Karson, 1998; Tivey 
et al., 1998; Karson et al., 2002a; Karson et al., 2002b; Varga et al., 2004; Larson et al., 2005; 
Pollock et al., 2005; Hayman and Karson, 2007]. Investigations of tectonic windows and drill 
cores confirm a generalized layered sequence of rock types for crust formed at intermediate to 
fast spreading rates that consists of basaltic lavas overlying a sheeted dike complex underlain by 
massive gabbro, and reveal similar structural relationships [Karson, 2002]. These studies indicate 
broadly similar uppermost crustal structure with lava flows that typically dip inward (toward 
the ridge axis) and increase in dip magnitude with depth, while individual and sheeted dikes 
commonly dip outward (away from the ridge axis). These observations are interpreted in terms of 
7
subaxial subsidence that accommodates thickening of lavas that accumulate within a very narrow 
(~2 km), low-relief region at the ridge axis [Karson, 2002]. Dikes are typically not vertical, but 
could be intruded in non-vertical orientations, or rotated from their original orientations; this 
requires an independent assessment of intrusion geometry and any subsequent rotations.
 In order to extend these observations to uppermost crust generated at superfast spreading 
rates, a study was conducted at the Pito Deep Rift. Faulting at the tip of the northward-
propagating rift exposes superfast-spread (~142 km Ma-1, full-rate [Hey et al., 1995]) crust 
generated at the southern EPR (Figure 1). Crust at two focused study areas (Area A and B) at 
Pito Deep Rift was generated at the EPR ~3 Ma and span normal polarity Chron C2An.2n and 
Chron C2An.3n, respectively (Figure 2). Extensive cliffs orientated at a high angle to spreading-
related structures and isochrons expose a sequence of basalt lavas, a lava/dike transition zone, 
sheeted dikes, and massive gabbro. Dikes within the sheeted dike complex at Pito Deep Rift 
dip primarily to the southeast, that is outward from the EPR, with dips varying from 90° to 
46°. Cataclastic fault zones primarily focused between individual dikes or separating panels of 
subparallel dikes, suggest an inseparable kinematic relationship of the damage zones and the 
tilting of dikes [Karson et al., 2005; Chutas, 2007; Hayman and Karson, 2009]. The mechanical 
anisotropy of the uppermost crust imparted by subparallel dikes and faults provides planes of 
weakness that preferentially slip allowing tilting to occur, similar to block rotations in other 
extensional settings including ophiolites and other tectonic windows [Varga, 1991; Varga et 
al., 1999; Varga et al., 2004]. Observations of rare vertical dikes cross-cutting this assemblage 
of inward-tilted lavas and sheeted dikes suggest the total accumulated thickness of lava and 
significant tilting of uppermost crustal units all occurred in a narrow zone (~2 km) beneath the 
ridge axis. A similar uppermost crustal structure occurs in the Equatorial Pacific in crust formed 
at a spreading rate of 135 km Ma-1 [Lonsdale, 1988] at Hess Deep Rift [Karson et al., 2002a; 
Varga et al., 2004]. The lack of volcanic constructional relief (<~200 m), and the structure of 
lava flows that generally increase in dip toward the ridge axis with depth imply significant (≥400 
m) creation of accommodation space created by subaxial subsidence that occurs at or within ~2 
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km of the ridge axis [Karson, 2002; Karson et al., 2002a; Karson et al., 2002b]. Thus it appears 
that coordinated faulting and block rotation are integral parts of crustal accretion processes at 
intermediate- to fast-spreading ridges and Pito Deep Rift presents an opportunity to evaluate 
these processes at superfast-spreading ridges.
 In this paper we present results from structural relationships and paleomagnetic 
remanence directions of a set of fully-oriented block samples of basalt dikes and massive 
gabbros collected from the Pito Deep Rift in the southeast Pacific. These data from constraints on 
processes of subaxial subsidence, and indicate significant clockwise rotation related to coupling 
between the Nazca Plate and adjacent Easter Microplate, as well as an additional tilting related 
to the opening of the Rift. The constraints on the construction and deformation of oceanic crust 
generated at superfast spreading rates are similar to and augment results from Hole 1256D, 
drilled into 15 Ma superfast-spread crust of the Cocos Plate. In addition, these results have 
significant implications for magnetic anomaly intensity and anomalous skewness. The natural 
remanent magnetization (NRM) from dike samples suggests that dikes significantly contribute 
to observed magnetic anomalies from fast- to superfast-spread crust. Our interpretation of the 
rotational history that includes inward-tilting near the ridge axis would produce the opposite 
sense of anomalous skewness to that observed, a distinction that could be reconciled a couple 
of different ways as discussed later. Although a subset of the data was reported by Varga et al. 
[2008], the full data set and thorough analysis is presented here.
2. Tectonic Window at Pito Deep Rift
 Along the southern EPR at ~23°S, Pito Deep Rift represents the amagmatic tip of the 
northward-propagating East Ridge along the northeastern boundary of the Easter Microplate 
(Figures 1, 2). The steep, fault-bounded, NW/SE-trending escarpments of Pito Deep Rift have 
>4000 m of relief and expose oceanic crust accreted ~3 Ma ago along a superfast-spreading 
segment of the N/S trending, southern EPR (~142 km Ma-1, full-rate; [Hey et al., 1995]). Major 
fault scarps along the rift walls oriented at a high angle to spreading-generated structures provide 
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an ideal cross-sectional view of the upper oceanic crust. Although most of the structures exposed 
in the escarpment appear to be related to spreading processes at the EPR [e.g., Hayman and 
Karson, 2009], overprinting of ridge-related structures is related to the tectonic evolution of the 
Easter Microplate and rifting of Pito Deep [Engeln and Stein, 1984; Hey et al., 1985; Schilling 
et al., 1985; Searle et al., 1989; Naar and Hey, 1991; Schouten et al., 1993; Searle et al., 1993; 
Rusby and Searle, 1995; Hey et al., 2002].
 The crust exposed on the northeastern scarp of the Pito Deep Rift appears to have a 
complicated history involving the clockwise rotation of the Easter Microplate in addition to 
rifting associated with the northward propagation of the East Ridge [Hey et al., 1985; Searle 
et al., 1989; Martinez et al., 1991; Naar and Hey, 1991; Rusby and Searle, 1995]. Both 
bathymetric and magnetic anomaly lineations [Naar and Hey, 1991; Naar et al., 1991; Varga et 
al., 2008] reveal trends that deviate from EPR-parallel trends by 020° to 045° clockwise near 
the northeastern wall of Pito Deep Rift (Figure 2). Trends of abyssal hill lineations approach 
055° to 065° near the dive areas, and trend ~070° across the rift to the southwest, in the interior 
of the microplate. However, to the west of the present EPR axis, crust of the Pacific Plate 
corresponding to the same age as that exposed at Pito Deep Rift shows magnetic anomaly and 
abyssal hill lineaments that nearly parallel the current approximately N/S EPR axis [Naar and 
Hey, 1991]. Therefore, the crust and the NE-SW striking faults and fractures of the northeast wall 
of the Pito Deep Rift in the study areas are interpreted as spreading-related structures that have 
been rotated clockwise. Although the structural relationships of upper crustal units described 
were initially created during seafloor spreading, they have likely been modified by the rotation of 
the Easter Microplate and rifting of Pito Deep.
 A previous paleomagnetic investigation of oriented samples from locations within the 
interior and around the boundaries of the Easter Microplate suggested a significant (48.5° ± 
11°) clockwise vertical-axis rotation [Cogné et al., 1995]; however, the 7 samples included in 
the analysis were collected from 4 different widely-spaced (>100 km apart) sites within the 
Easter Microplate to the southwest of Pito Deep Rift which would contribute to considerable 
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uncertainty and it is likely that this previous uncertainty estimate is unrealistically small. An 
estimate of ~61° of vertical-axis rotation was suggested by Varga et al. [2008] from a smaller 
subset of the data presented in this paper. In this paper we present the full dataset with a more 
rigorous statistical assessment of the rotational history that generally supports this earlier 
estimate of a large component of vertical-axis rotation. However, here we also argue that the 
remanence directions are typically shallower than expected and can be explained by an additional 
tilt related to the opening of Pito Deep Rift. We also discuss these paleomagnetic data in 
relationship to magnetization of oceanic crust.
3. Internal Structure of Major Rock Units of the Northeastern Wall of the Rift
 Integrated investigations with the submersible Alvin, remotely operated vehicle (ROV) 
Jason II, and DSL-120 side-scan sonar provide details of the internal structure of the upper 
crustal units of the seafloor within two study Areas, A and B (Figure 2). Total outcrop width 
(parallel to the spreading direction) covered by Alvin and Jason II transects is approximately 
4 km in each area. Assuming a constant half-spreading rate of 71 km Ma-1, the combined 
investigation of these two areas represents ~100 ka of spreading. Fifteen transects of the 
escarpment using Alvin and Jason II together with the earlier Nautile Dives, reveal the structure 
of the uppermost crust within both areas (Figure 3) [Karson, 2005; Chutas, 2007]. The rock 
units mapped during this nested-scale survey along the northeast wall of the Pito Deep Rift are 
similar to those described from upper crustal levels of ophiolites [Moores and Vine, 1971; Casey 
et al., 1981; Nicolas, 1989], drill cores [Alt et al., 1996; Wilson et al., 2006], and other seafloor 
escarpments [Karson et al., 2002a; Karson et al., 2002b].
3.1 Basaltic Lavas Flows
 The upper portion of the escarpment exposes extensive outcrops of variably fractured and 
faulted basaltic lavas with a range in unit thickness between 200-500 m [Chutas, 2007]. Pillow 
lava morphologies constitute much of the unit with very few lobate or tabular sheet flows (Figure 
11
4). Although rare, lobate and tabular flows appear weakly deformed and nearly horizontal near 
the top of the lava unit and increase in fracturing with depth. Contacts between the few lobate 
and tabular flows in the middle to lower parts of the unit have dips of approximately 10-40° to 
the northwest, inward and toward the EPR [Chutas, 2007].
 A transition zone occurs in the lowermost lavas, with basaltic dikes and swarms of dikes 
that cut the lavas increasing in proportion down-section. The boundary between these units is 
gradational and on average is approximately 200 m thick. This transition zone is ~50 m thicker 
than Hole 504B [Anderson et al., 1982], and thicker than typically inferred from seismic data 
[Hooft et al., 1996].
3.2 Sheeted Dike Complex
 The sheeted dike complex, with  >90% basaltic dikes, is composed of panels of 
subparallel dikes separated by fault zones or swarms of dikes (Figure 5). Individual dikes within 
dike swarms are typically ~1 m wide, but massive individual dikes up to 2 m wide are locally 
present. The vertical dimension of the unit ranges from 400 to 1000 m (Figure 3), and it exhibits 
a complex internal structure similar to that reported from previous studies at Hess Deep Rift, 
where both individual dikes and panels of dikes are typically not vertical [Karson et al., 2002a; 
Varga et al., 2004]. As opposed to parallel, vertical dikes commonly depicted in models of ridges 
derived from ophiolites [Moores and Vine, 1971; Penrose Conference Participants, 1972; Casey 
et al., 1981; Pallister, 1981] and a few other seafloor escarpments [Francheteau et al., 1992; 
Karson, 1998] dikes at Pito Deep Rift dominantly strike northeast, and have dips ranging from 
90° to 46°, to the southeast, away from the EPR (Figure 6). In Area A, the average orientation of 
dikes measured with the Geocompass is 066°/83° SE, α95=9.3°, n=25. Most of dikes in this area 
dip to the SE (average 069°/75° SE, α95=9.7°, n=18), while ~1/3 of dikes dip to the NW (average 
238°/75° NW, α95=12.6°, n=7). In Area B, dikes have a more consistent orientation with an 
average of 054°/68° SE, α95=6.5°, n=39. Overall, the average for dikes measured in both areas is 
059°/74° SE, α95=5.7°, n=64.
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 High-temperature hydrothermal alteration in the sheeted dike complex is highly 
heterogeneous on scales of tens to hundreds of meters [Heft et al., 2008]. The extent of alteration 
measured as the abundance of secondary minerals ranges from 0% to >80%. In general, the 
sheeted dike complex is relatively fresh, with an average of 27% alteration. Greenschist facies 
assemblages dominated by amphibole, with some interspersed chlorite-rich dikes reveal few 
systematic spatial trends or variations with depth, and no systematic pattern was observed 
between study Area A and B. These common assemblages indicate peak alteration temperatures 
ranging from <300 °C to >450 °C throughout the sheeted dike complex [Heft et al., 2008].
3.3 Gabbroic Rocks
 Massive gabbroic rocks underlie the sheeted dike complex; however, the contact is 
typically covered with talus (Figure 7). Where exposed, the contact generally occurs over 
no more than a few tens of meters and has subdued relief at this scale of observation. Sparse 
subvertical dikes occur within the gabbro and are less faulted than in the overlying sheeted 
dike complex. The maximum thickness of the gabbroic material is >700 m, but the base is not 
exposed in either study area [Karson, 2005].
 As documented by Perk et al. [2007], the uppermost plutonic rocks exhibit significant 
spatial heterogeneity, with a suite of samples that includes gabbros, olivine gabbros, troctolites, 
and anorthosite. In some gabbros collected >100 m below the sheeted dike complex minor 
crystal-plastic deformation is evident by plagioclase deformation twins, and undulose extinction 
and sub-grains in olivine. Qualitatively, a sample suite of 23 gabbros from Area B imply an 
increase in crystal-plastic deformation with depth [Perk et al., 2007].
4. Sampling Methods, Laboratory Procedures, and Statistical Analyses
 A total of 62 basalt dike and 5 gabbro samples collected for paleomagnetic analysis 
by Alvin and ROV Jason II were fully-oriented in situ using the Geocompass [Hurst et al., 
1994a; Varga et al., 2004]. The strike and dip of two or more surfaces for each individual block 
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were determined when the device was held flush against a rock surface. When recovered, each 
block was then restored to its outcrop orientation. The Geocompass and subsequent reorienting 
technique has demonstrated its utility and relative accuracy (±~10°) in previous studies of the 
Hess Deep Rift [Karson et al., 1992; Hurst et al., 1994a; Varga et al., 2004], and on the Mid-
Atlantic Ridge [Lawrence et al., 1998]. A goal during several individual dives was to collect 
multiple independently oriented block samples from a coherent structural block in order to 
average orientation uncertainties and address scatter related to secular variation. Typically two to 
six fully-oriented samples were collected from one small contiguous area during individual dive 
transects, with a maximum of fourteen samples collected during Alvin Dive 4081, and maximum 
of nine samples collected during Jason Dive transects. The few adjacent block samples collected 
during individual transects together are considered to be one paleomagnetic site. Collecting many 
closely spaced, independently oriented samples from one coherent structural block, such as along 
the Alvin Dive 4081 transect, reduces the uncertainty on the average remanence direction from 
this site. Sample remanence directions from individual Alvin or Jason dives are expected to be 
consistent, unless structural boundaries were crossed during the dive transect. 
 Sample numbers (e.g., 812019), as reported here (Table 1), are a combination of truncated 
dive number (e.g., 81 = Dive 4081) and Alvin dive times (e.g, 2019 = 20:19 hours) during 
individual dives. Samples collected using Jason II have a similar identification convention only 
with an abbreviated date replacing the dive number (e.g., 200830; 20 = 2/20/05; 0830 = 08:30 
hours). For most fully-oriented block samples, 5 to 25, standard 2.54-cm diameter cores were 
drilled; some cores yielded more than one specimen (subcore). However, a few relatively small 
block samples yielded only two specimens.
 Paleomagnetic remanence measurements and demagnetization were performed on a 
Molspin spinner magnetometer and other standard equipment at the College of Wooster, with 
some specimens measured on a 2G Enterprises cryogenic magnetometer in a shielded room 
at Scripps Institution of Oceanography. For most blocks, 4 to 7 specimens were progressively 
demagnetized using thermal or alternating field (AF) techniques. However, only 2 specimens 
14
were measured for some blocks generally due to their small size. All specimens were subjected to 
a complete spectrum of demagnetization levels. In the case of AF experiments, specimens were 
subjected to stepwise-increasing fields in 2.5 mT steps to 20 mT, 5 mT steps between 20 and 
30 mT, and 10 mT steps between 30 mT and 100 mT. In thermal demagnetization experiments, 
temperature was raised in 50 °C steps from 100 °C to 500 °C and in 25 °C steps between 500 °C 
and 600 °C. More detailed thermal demagnetization steps of 10 °C were implemented between 
500° and 570° with two subsequent 5 °C steps up to 580 °C for some gabbroic specimens. All 
magnetization components were determined by principal component analysis [Kirschvink, 1980]. 
The average direction for each block sample was calculated from the characteristic remanent 
magnetization (ChRM) directions of specimens based on Fisher statistics [Fisher, 1953].
 To calculate mean directions and uncertainties at the site-level (e.g. dive transect or 
area) requires a non-Fisherian statistical analysis, due to inclusion of potentially misoriented 
sample remanence directions whose overall distribution would not pass the Fisher assumptions. 
Rather than arbitrarily rejecting individual sample remanence directions, we choose to use a 
statistical bootstrap [Tauxe et al., 1991], or resampling, technique to calculate mean directions 
and their uncertainties from samples collected in Area A and Area B. One intrinsic benefit of 
the bootstrap method is that it assumes that all uncertainty inherent in the data is reflected in the 
distribution; this provides an estimate of the potential uncertainties related to seafloor sampling 
and subsequent reorientation methods. If there are a large number of misoriented blocks, then the 
bootstrap method would result in large uncertainties that should be more representative of the 
true uncertainties related to the seafloor sampling methods.
 Previous studies use an estimated additional 10° uncertainty to account for increased 
scatter related to the sampling procedure [Varga et al., 2004]. However, detailed sample 
collection from a series of adjacent dikes during Alvin Dive 4081 allows identification of gross 
misorientations and provides confidence in the technique where only a single or a few blocks 
are collected in a small area. The uncertainties calculated for this particular dive sample set 
appear relatively low and represent our best attempt to average secular variation, although the 
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nominal time represented by the ~200 m lateral coverage during this dive is ~3 ka, assuming a 
half-spreading rate of 71 mm yr-1. The exact time required to average out geomagnetic secular 
variation is not well known, but typical estimates are 104-105 years [Tauxe et al., 2009]. Due to 
the relatively few oriented samples collected during most transects within coherent structural 
blocks and the necessity to average over a longer amount of time, we chose to bootstrap block 
sample remanence directions separately in each area. Each area represents ~55 ka of spreading 
across 4 km parallel to the spreading direction, and the combination of the two domains 
represents ~110 ka of spreading across 8 km, assuming a half-spreading rate of 71 mm yr-1.
5. Results
 Paleomagnetic remanence of 62 fully-oriented dike and 5 gabbro block samples are 
discussed below and summarized in Table 1. More detailed descriptions of collection sites and 
their geologic context can be found elsewhere [Karson et al., 2005, unpublished cruise report, 
2005; Chutas, 2007], and on the Alvin Frame Grabber (http://4dgeo.whoi.edu/alvin) and Jason II 
Virtual Van (http://4dgeo.whoi.edu/jason) websites.
5.1 Magnetic Remanence Results
 The natural remanent magnetization (NRM) intensities of the dikes from Pito Deep Rift 
range from 0.07 to 26.6 A/m (Table 1). The large collection of specimens derived from 62 dike 
blocks reveals that the magnetization intensities are approximately lognormally distributed 
(Figure 8), with an arithmetic mean of 5.96 A/m ± 3.76 and a geometric mean of 4.28 A/m.
 The majority of dike specimens from Pito Deep exhibit nearly univectorial 
demagnetization behavior (Figure 9). Minor lower stability overprints are rarely present, and 
are typically removed at temperatures of 250-300 °C or 10-15 mT. A maximum blocking 
temperature determined by thermal demagnetization is typically ~575 °C (Figure 9), suggesting 
that remanence in most samples is primarily carried by nearly pure magnetite, or very low-
Ti titanomagnetite. The median destructive field (MDF’), or the alternating field that reduces 
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the vector difference sum of the remanence to half its initial value, was calculated to measure 
specimen stability to alternating fields. In an analogous manner, the median destructive 
temperature (MDT’) was calculated for thermally demagnetized specimens. The Pito Deep dike 
samples typically have moderate stability, with a mean MDF’ of 26 mT and a mean MDT’ of 499 
°C. All samples have MDF’ values of ≥5 mT.
 NRM intensities of five gabbroic blocks from the Pito Deep Rift area range from 0.21 to 
2.21 A/m (Table 1). The arithmetic mean of 0.67 A/m ± 0.62 and a geometric mean of 0.42 A/m. 
These samples typically have moderate stability, with mean MDF’ = 20 mT; mean MDT’ = 498 
°C. Detailed thermal demagnetization of the gabbro specimens in a shielded paleomagnetic lab 
reveal the presence of samples with one, two, or three-component remanence (Figure 9, k,l,m). 
Although cooling through polarity intervals is not unexpected since the study areas are both 
located near reversal boundaries, we have insufficient data to draw any conclusions.
 
5.2 Paleomagnetic Remanence Directional Results
 Remanence directions from all 67 oriented samples yield demagnetization data that are 
fairly well-grouped (Figures 10 and 11, Table 1). Results from nearly every specimen allow 
a single, high-stability-component remanence direction to be isolated, although the quality of 
the results varies. The specimen ChRM directions are typically well-defined, with an average 
maximum angle of deviation (MAD) of 1.7°. Sample average directions are well determined; 
85% have α95 <10°, and CSD values (which do not depend on number of samples (n)) are 
typically also <10° (Table 1). No results are rejected from the statistical analysis.
 During Alvin Dive 4081, a set of fourteen block samples of adjacent dikes was collected 
along the spreading direction within one coherent crustal block (site) to test the consistency of 
the paleomagnetic data by assessing scatter related to sampling procedure. At the site level (dive 
transect), sample mean vector (SMV) remanence directions appear well clustered (Figure 12), 
and a statistical bootstrap of the SMV was used to calculate the mean direction and confidence 
limits for the Dive 4081 subset. The mean direction (D=029.4°±9.6°, I=-26.5°±6.2°) plots well 
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away from the Geocentric Axial Dipole expected direction (GAD; D=000°, I=-40.2°) at the 95% 
confidence level (Figure 12). Uncertainties calculated for this particular dive sample set appear 
relatively low. Unfortunately, data sets with less than about 25 elements produce bootstrapped 
confidence regions that are in general too small [Tauxe et al., 1991]. Although the data need 
not be Fisherian, they can be plotted against an expected value for a specific distribution in a 
quantile-quantile plot [Fisher et al., 1987]. These directional data pass the test for a Fisherian 
distribution on a quantile-quantile plot with values of Mu=0.764 and Me=0.744, well below the 
critical values of 1.207 and 1.094, respectively [Fisher et al., 1987; Tauxe et al., 2009]. The data 
from Dive 4081 are Fisherian and give an α95 of 8.8° on the mean direction, that suggests this 
group of dike samples is from an intact unit.
 A majority of the remanence directions from 62 dike and 5 gabbro samples show 
declinations to the northeast with moderate to shallow negative inclinations (Figure 13), as would 
be predicted for ~3 Ma crust produced during a dominant normal polarity at ~23° S. Although 
few directions appear widely scattered, the bulk of the directions are similar to those from Alvin 
Dive 4081 (Figures 12, 13). Directions of the highest stability component from the five gabbro 
samples are also distinct from the expected GAD direction at the 95% level of confidence, 
although considerable scatter is observed (Figure 13). Similar to the example from Dive 4081, a 
statistical bootstrap technique is used to calculate mean directions and 95% confidence limits of 
SMV from 23 fully-oriented samples in Area A (D=38.9°±8.1°, I=-16.7°±15.6°), and 44 samples 
in Area B (D=31.4°±7.5°, I-26.6°±8.4°, n=34; D=203.1°±39.6°, I=14.1°±72.4°, n=10) (Figure 
13). Area B yields a negative inclination (normal polarity) and a positive inclination (reverse 
polarity) mode. The overall bootstrapped mean for Area B after inverting reverse polarity 
directions is D=30.4°±8.0°, I=-25.1°±12.9° n=44. The 95% confidence bounds of the two 
bootstrapped mean directions overlap; however, since neither confidence limit includes the mean 
direction of the other, an additional test is needed. A bootstrap test for a common mean direction 
[Tauxe et al., 1991], between the two data sets found overlapping 95% confidence bounds for 
all three Cartesian coordinate components, which indicates that the two bootstrapped means for 
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Area A and B are not distinguishable at the 95% confidence level. A similar test demonstrates 
that both overall bootstrapped mean directions from each area are distinct from the GAD 
expected direction at the 95% confidence level (Figure 13). This distinction suggests significant, 
post-emplacement structural rotations. To evaluate potential rotation axes, we rely heavily on 
geologic and structural observations and consistent, accurate Geocompass measurements of dike 
orientations.
6. Sampling Orientation Uncertainties and Interpretation
 Undoubtedly, methods of submersible collection of blocks and subaerial sample 
reorientation procedure provide numerous potential sources of uncertainties in the site mean 
remanence directions. Several steps were added to the procedure at Pito Deep Rift in response 
to experience gained during the Hess Deep Rift cruise to greatly reduce orientation errors at all 
stages of collection and handling of block samples. The careful shipboard procedure eliminated 
the most obvious errors related to in situ block orientation measurements, however, we suspect 
that some uncertainty related to seafloor sampling or during later reorientation remains. 
Approximately 14 out of 67 block samples yielded stable remanence directions that strongly 
diverge from other adjacent blocks collected during the same individual dive transect and cannot 
be readily interpreted in terms of polarity or explained with any reasonable rotation history for 
which there is geologic evidence. 
 A number of factors potentially lead to scatter of paleomagnetic directional data. 
These include: 1) uncertainty in block orientation during initial seafloor sample collection, 2) 
uncertainty during later, post-cruise block reorientation, 3) uncertainty in the measurement 
caused by instrument noise or sample alignment errors, 4) geomagnetic secular variation, and 
5) variable tectonic rotations. As mentioned above, great effort was made to reduce some of 
these errors (e.g. 1 and 2). Few of these sources of error lead to symmetric distributions about 
a mean direction (e.g. 3), and these uncertainties at the sample (block) level contribute to the 
value of the a95 confidence ellipse. Scatter related to geomagnetic and geologic sources (e.g. 4 
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and 5, respectively) affect the scatter of remanence directions and can be assessed by calculating 
bootstrap mean directions from multiple SMV in each study area.
6.1 Polarity Interpretation
 The two focused survey areas span normal polarity Chron C2An.2n and Chron C2An.3n 
in Areas A and B, respectively (Figure 2). Due to the proximity of the study areas to polarity 
transition zones, it is possible that some samples record reverse polarity intervals or transitions 
near the northwestern and southeastern flanks of either Area A or B. Polarity interpretations 
are determined from the proximity of SMV directions to the bootstrapped mean direction or its 
antipode, evaluated with a cutoff angle of 44° (Table 1). The angle 44° is the minimum solid 
angle between the bootstrapped mean direction and a set of fictitious sample directions generated 
from simulations of various combinations of potential 90° misorientations of block samples (i.e. 
wrong surface noted, etc.). SMV within 44° to the bootstrapped mean or its antipode in each 
area are labeled normal (N) or reverse (R), respectively. Samples that yield directions greater 
than 44° to the bootstrapped mean or antipode are labeled as undetermined (U), and are typically 
very different than other SMV directions collected on the same dive. These 14 SMV are difficult 
to interpret in terms of polarity because they could reflect transitional directions or grossly 
misoriented samples (Figure 14 and Table 1).
 Dominant normal polarity of Pito Deep Rift paleomagnetic data (Table 1) is consistent 
with crustal generation during the two normal polarity Chrons, Chron C2An.2n (3.110-3.220 
Ma) and Chron C2An.3n (3.330-3.580 Ma) [Cande and Kent, 1995]. Very few SMV directions 
interpreted as reverse polarity suggest that a few dikes were either injected into a normal polarity 
section of sheeted dikes during a subsequent reverse polarity interval, or perhaps the opposite 
scenario in which several dikes injected into panels of reverse polarity sheeted dikes during a 
subsequent normal polarity (Figure 14). Assuming dike intrusion occurs in a very narrow (few 
100 m) zone at fast- to superfast-spreading ridges [Hooft et al., 1996], the polarity transition 
within the sheeted dike complex should occur across a similar width. However, in Area A, two 
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reverse polarity dike samples were collected during two Alvin Dive transects that are ~1.5 km 
apart (4075 and 4078). Although only represented by two samples, these suggest that the active 
zone of intrusion may be significantly wider than a few hundred meters, or that dikes may be 
intruded ≥1 km off-axis.
 The gabbro samples collected from Area B provide some indication of the thermal 
structure and tectonic history of Pito Deep Rift. Several gabbro specimens exhibit a range in 
demagnetization behavior from nearly univectoral remanence to multicomponent remanent 
magnetization with up to three components (Figure 9). In a few specimens the highest stability 
component is interpreted as reverse polarity with a moderate to lower stability component of 
inferred normal polarity. This suggests that some of these gabbroic rocks cooled during a reverse 
to normal polarity transition likely represented by Chron C2An.2r to C2An.2n (3.220-3.330 to 
3.220-3.110 Ma). Two gabbro blocks are interpreted as undetermined polarity. A similar range in 
directional variability was observed in Hess Deep Rift gabbros [Varga et al., 2004].
6.2 Structural Rotation Models
 Geologic relationships and magnetic remanence directions provide constraints and 
guidance to any rotation models. The geometry and timing of rotations is constrained by the 
geology and tectonic history of the area, and any interpretation relies on several important 
assumptions. The main assumption in the use of paleomagnetic directional data to document 
structural rotations is that remanence was acquired over sufficient time to average secular 
variation so that the initial remanence direction coincides with the time-averaged geocentric axial 
dipole (GAD) direction at the site latitude. Similar to other paleomagnetic studies of sheeted 
dikes [e.g., Allerton and Vine, 1987], additional assumptions include the following: 1) observed 
stable remanence directions predate structural rotations, 2) initial dike orientations are near 
vertical and ridge-parallel, 3) little internal deformation of each dike results in a constant angle 
between the remanence vector and the pole to the dike during deformation. 
 As suggested from early paleomagnetic studies of sheeted dikes in the Troodos Ophiolite, 
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a single, unique rotation could account for the discrepancy between the observed remanence 
directions and the expected direction [Allerton and Vine, 1987]. However, this arbitrary single-
rotation approach is not realistic in areas with more than one structural event or period of 
deformation. For example, remanence directions from dikes in Troodos can alternatively be 
restored using a sequence of rotations constrained by the geologic history of the ophiolite 
[Varga et al., 1999]. Similarly, a single rotation solution is not geologically plausible in the case 
of sheeted dikes exposed at Pito Deep Rift, as it likely averages over distinct structural events 
that give rise to the net rotational history. Instead, several geological observations provide a 
framework to guide interpretation and development of the following models of the structural 
rotation history   of uppermost crust exposed at Pito Deep Rift.
 At least three possible rotations are likely to have affected the uppermost crust exposed 
on the northeastern wall of the Pito Deep Rift [Handschumacher et al., 1981; Searle et al., 
1989; Martinez et al., 1991; Naar et al., 1991]. A first possible rotation about an approximately 
north-south (EPR-parallel) horizontal axis may be related to subaxial subsidence processes as 
suggested from other studies of fast-spread uppermost crustal structure and generally observed 
outward dip of the sheeted dikes [Karson, 2002; Varga et al., 2004; Varga et al., 2008]. The trend 
of this EPR-parallel rotation axis could vary from ~004° to ~016° as observed from current EPR-
axial trends between 20° to 23° S latitudes [Naar and Hey, 1991]. Tectonic reconstructions depict 
similar NNE trends of the EPR axis of 010° and 015° at ~3.5 and 3.0 Ma, respectively [Rusby 
and Searle, 1995]. The magnitude of this ridge-axis rotation is possibly equal to the plunge of 
the average dike poles, 6.6°±9.3° (or 15.1°±9.7° for 2/3 majority of dikes) and 22.5°±6.5° in 
Area A and B, respectively. In order to evaluate initial spreading-related rotations, it is necessary 
to remove the effects of other subsequent rotations. A second possible rotation is approximated 
by a vertical-axis rotation related to the clockwise rotation of the Easter Microplate. Based on 
abyssal hill and magnetic anomaly lineaments that deviate from EPR-parallel to the north of Pito 
Deep, the vertical-axis rotation magnitude is thought to be 20°-55° clockwise [Naar and Hey, 
1991; Naar et al., 1991]. The abyssal hill lineaments across the blocks in Area A and B trend 
22
~065°, and ~057°, respectively (Figure 2); both of these trends are essentially parallel to the 
average strike of dikes in each area within the uncertainties (65.6°±9.3° for all, or 68.6°±9.7° 
for 2/3 majority in Area A; and 54.3°±6.5° in Area B). A third possible rotation is a horizontal-
axis rotation about an axis parallel to the trend of the Pito Deep Rift (~330°) related to rifting 
[Martinez et al., 1991]. Unfortunately, constraints on the magnitude of northeastward tilting 
such as the dips of lava flows high in the crustal section or bedding in overlying sedimentary 
rocks have not been determined in either study area. However, the gentle east-facing bathymetric 
slope of the shallow, large-scale (10-15 km) coherent crustal blocks east of Pito Deep noted 
by Martinez at al. [1991], suggest that these blocks were tilted ~10° or more to the NE during 
rifting.
 Although any number of structural rotations can account for the orientation of dikes 
and observed remanence directions, the rotation axes and approximate magnitudes outlined 
above represent a likely sequence of geologic events for the study areas. No amount of rotation 
about one of these single axes alone restores the remanence direction, so at least two of these 
proposed rotations must have occurred. We can create a series of rotation models based on the 
geologic relationships outlined above using 1° incremental amounts of rotation along these paths 
by using a similar strategy for restoration of remanence directions as Varga et al. [1999], and 
remove rotations in reverse order of formation (the most recent rotation affecting the remanence 
directions should be removed first followed by older rotations, in a reverse sequential order). If 
we assume secular variation has been successfully averaged, then the initial, expected remanence 
direction should be near the GAD direction (000°/-40.2°). We can constrain the rotation models 
by using the uncertainty of the bootstrapped mean directions from Area A and B and the amounts 
of rotation about the specified axes that restore the confidence ellipse to include the expected 
GAD direction. In this way, we can constrain the amounts of rotation within a geologically 
plausible sequence of structural rotations. We explore models constructed to fit structural and 
paleomagnetic data in Area A and B separately.
 The bootstrapped mean remanence direction in Area A has a shallower inclination and 
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more clockwise declination than the expected GAD (Figure 13c and Table 2), and as mentioned 
above, at least two of the three potential structural rotations must have occurred in order to 
restore the remanence directions. The most recent two structural rotations that could have 
affected the uppermost crust and contained remanence directions were, in reverse order, related 
to the block tilting of Pito Deep Rift and rotation of the Easter Microplate. The minimum amount 
of rotation required by the data is 
-25.0°±15.6° rotation about a horizontal axis (330°/00°) related to block tilting at Pito Deep 
Rift and vertical-axis (000°/90°) rotation of -33.0°±8.1° (Figure 15a). This simple two-
stage model restores the observed bootstrapped mean remanence direction back to the GAD 
expected direction (Table 2); however, this model also results in the average orientation of 
dikes with strikes to the northeast of the EPR and slight outward dips, away from the EPR 
axis (034.9°/86.4° SE). A number of different studies indicate that dikes typically intrude 
perpendicular to the least compressive stress [e.g., Anderson, 1951], and in a rift setting dikes are 
expected to intrude in a nearly vertical orientation near Earth’s surface, parallel to the ridge axis 
(strike parallel to the trend of rift axis with dip approximately 90°) within a very narrow zone 
(~100’s m) centered on the axis. Due to the nearly parallel average dike pole and trend of the 
horizontal rotation axis related to Pito Deep Rift block tilting, various amounts of rotation result 
in little change in the average dike orientation, but much larger rotation of the bootstrapped mean 
remanence direction.
 Although the remanence data do not demand any further rotation, the average dike strike 
of 035° is at least 20° to 25° clockwise from that expected from current rift-axis trends and 
reconstructions of the EPR axis (010° to 015°). Considerable differences in the strike of dikes 
near ridge discontinuities such as transform faults or overlapping spreading centers could account 
for dikes striking obliquely to the regional trend of the spreading axis. However, approximately 
NNE (~010°±5°) bathymetric and magnetic anomaly lineaments for crust of similar age and 
latitude to the west of the EPR indicate that the ridge axis was oriented ~N/S with no evidence 
of large discontinuities. This suggests that a greater amount of vertical-axis rotation could 
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restore the average strike of a majority of dikes closer to parallel with the EPR-axial trend. 
Yet, this greater rotation would also move the bootstrapped mean remanence direction from 
the expected GAD direction. This change and also the average dip of a majority of the dikes in 
Area A can both be reconciled by the third suggested rotation about a horizontal axis parallel 
to the EPR. A best-fit three-stage rotation model includes a -21° rotation about a horizontal 
axis (330°/00°), a -46° rotation about a vertical axis (000°/90°), and an 11° rotation about a 
horizontal axis (010°/00°). This sequence of rotations restores two modes of dikes in Area A to 
an initial orientation of 028°/90° for a majority (2/3) of the dikes, 193°/61° NW for the other 
mode. Whereas the two-stage rotation sequence above is the minimum rotation required by the 
remanence data, the three-stage rotation sequence restores both bootstrapped mean remanence 
direction and the average orientation of a majority of dikes to near expected orientations (Figure 
15b).
 In Area B, a similar two-stage rotation model is the minimum required to restore 
the bootstrapped mean remanence direction to the expected GAD direction, and includes a 
-18.0°±12.8° rotation about a horizontal axis (330°/00°) and vertical-axis (000°/90°) rotation 
of -24.0°±8.0° (Figure 15c). This simple two-stage model restores the observed bootstrapped 
mean remanence direction back to the GAD expected direction (Table 2), but similar to the two-
stage restoration model for Area A (Figure 15a), also results in orientations of dikes with strikes 
that are clockwise (northeast) of the expected EPR-axis trend with outward dips, away from 
the EPR (037.5°/67.3° SE). Although the remanence data do not demand any further rotation, 
the orientation of the average restored dike in the two-stage model suggests a greater amount of 
rotation about a vertical axis, and that an additional horizontal-axis rotation could be possible. To 
reconcile this difference, one best-fit three-stage model includes a -10° horizontal-axis (330°/00°) 
rotation related to Pito Deep Rift block tilting, a -44° vertical-axis (000°/90°) rotation, and a 
horizontal-axis (010°/00°) rotation of 22° (Figure 15d). This three-stage rotation model restores 
the bootstrapped mean remanence direction to the expected GAD directions and also the average 
orientation of dikes in Area B to 013.8°/89.3° SE, nearly vertical (~90° dip) and subparallel to 
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the EPR axis (~010°). To the extent that the ridge-axis rotation occurred about an axis with a 
trend slightly clockwise from the EPR axis (i.e. >010°), there is a trade-off in associated amount 
of rotation with the amount of rotation inferred from block tilting at the Pito Deep Rift. That is, 
the more rotation related to block tilting of Pito Deep Rift, the less rotation that occurred near 
the EPR axis, and vise versa. The three-stage rotation model suggested for Area B best fits both 
geological and paleomagnetic evidence for multiple structural rotations of crustal blocks exposed 
at Pito Deep Rift.
7.0 Discussion
 Exposures at the Pito Deep Rift present the opportunity to investigate one of the only 
tectonic window perspectives into the oceanic crust created at a superfast-spreading ridge; 
the only other opportunity is at Endeavor Deep Rift. These data illustrate that the complex 
internal structures of the uppermost oceanic crust generated along the superfast-spreading EPR 
appear to be variations of a reoccurring theme recorded at other fast- to intermediate-spreading 
environments [Karson, 2002]. The documentation of these structural features and associated 
paleomagnetic remanence directions suggests that structural development poses a significant 
aspect of uppermost crust deformational history closely associated with crustal accretion at the 
spreading center. These data also imply significant vertical-axis rotation and support current 
models for the clockwise rotation of the Easter Microplate. In addition, these results have 
significant implications for magnetic anomaly intensity and anomalous skewness.
7.1 Shallow Bootstrapped Mean Remanence Directions
 The inclinations of bootstrapped remanence directions from both Area A and B are 
shallower than expected from the GAD by 23.2°±15.6° and 15.1°±12.8°, respectively, but 
perhaps they can be explained by other geologic processes or alternative reasons other then 
rotation. One possibility is that some of the directions included in the mean are from misoriented 
samples, which could result in a shallower mean inclination. If we arbitrarily suppose that 
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directions of undetermined polarity >44° away from the mean were misoriented, and filter these 
directions from the bootstrap calculation, the uncertainties on the inclinations from both areas are 
decreased by almost 6° and although the mean inclination for Area B doesn’t change by much 
more than ~1° (-23.9°±7.0), the mean inclination in Area A is ~10° steeper (-27.3°±9.9°). This 
suggests that some of the contribution to shallow bootstrapped mean inclination, particularly in 
Area A, is from large scatter of the directions; however, even filtering the data does not produce 
a mean direction with a steeper inclination similar to the expected GAD inclination. Southward 
motion of the Nazca Plate over the last ~3 Ma contributes to shallower inclinations; however, the 
contribution of ~0.6° change in latitude suggested from paleomagnetic data from the Galapagos 
Islands [Kent et al., 2010], corresponds to ~0.8° shallower inclinations and is not sufficient 
to explain the significant deviation observed. The rotation about a horizontal axis parallel to 
Pito Deep Rift is one of the only geologically reasonable means of creating more shallow 
inclinations. Due to the subparallel average dike pole and trend of the horizontal rotation axis 
related to Pito Deep Rift tilting, large amounts of rotation result in little change in the average 
dike orientation, but notable change of the bootstrapped mean remanence direction. The amounts 
of rotation about a horizontal axis parallel to the Pito Deep Rift (330°/00°) required to reconcile 
the shallow inclinations in the two-stage model are -25°±15.6° and -18°±12.8° for Area A and B, 
respectively. However, less amounts of rotation are suggested in the three-stage rotation model 
with -21° and -10° for Area A and B, respectively. These amounts of rotation are consistent with 
the ~10°+ backtilt correction inferred from the bathymetry [Martinez et al., 1991], although the 
amount for Area A is generally greater. If this greater amount of inferred rotation is necessary, 
then the blocks near Pito Deep may be more tilted than the blocks further east on the Nazca 
Plate. However, if the shallow inclination is significantly influenced by scatter from some 
misorientated samples, then it is possible that the amount of tilting at Pito Deep Rift for Area A is 
less at approximately -13° corresponding to the steeper -27° mean inclination.
7.2 Assessment and Implications of Rotation Models for Area A and B
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 Bootstrapped mean remanence directions and dike orientations from both Pito Deep 
Rift study areas deviate from expected orientations, near the GAD direction at 23°S and EPR-
axis-parallel strike with vertical dip, respectively. Geological evidence indicates plausible 
sequential restoration rotation models that include some rift-related horizontal-axis rotation at 
Pito Deep Rift and vertical-axis rotation related to the Easter Microplate. As a minimum, these 
two rotations are required to restore the bootstrapped mean remanence directions to the expected 
GAD direction; however, these two rotations do not restore the strike and dip of the average 
dikes to expected EPR-axis parallel and vertical orientations.
 We suggest both a greater amount of vertical-axis rotation to bring the average strike of 
dikes subparallel to the expected trend of the EPR axis and a third rotation about a horizontal 
axis parallel to the EPR to restore the outward dip of dikes to vertical. This three-stage 
combination of plausible rotations for Area B restores both remanence directions and dike 
orientations to expected orientations (Figure 15d and Table 2). This third additional rotation is 
suggested because neither the Pito Deep Rifting (axis near average pole to dikes) nor Easter 
Microplate (vertical-axis) rotations correct the dip of the dikes to an assumed initial vertical 
orientation. Data from Area A allow a similar three-stage restoration model to reconcile the 
average strike of a majority of dikes closer to the EPR-axis trend and vertical dips (Figure 15d 
and Table 2). Although the overall average dike orientation in Area A is nearly vertical, it is 
the average of a bimodal distribution of orientations (2/3 of dikes dip SE and 1/3 dip NW). 
The slight outward dip of a majority of the dikes could be restored to near vertical by the third 
horizontal-axis rotation parallel to the EPR axis. The third rotation about an EPR-parallel 
horizontal axis also decreases the dip of the mode of NW-dipping dikes (Figure 15b). Cross-
cutting relationships in the sheeted dike complex and common dike margin parallel faults at 
Pito Deep Rift [Hayman and Karson, 2009], support this third rotation in both study areas that 
represents a rotational-planar, or bookshelf, model [e.g., Mandl, 1987] and accomplishes the 
rotation of dikes to their commonly observed outward dips. This mechanism for accommodating 
block rotations is well documented in sheeted dikes of the Troodos Ophiolite [e.g., Varga, 1991] 
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and inferred from dikes at Hess Deep [Varga et al., 2004].
 However, if the dikes were intruded into their subvertical orientation and did not rotate 
at the ridge, Area A does not require a ridge-axis rotation, while Area B more likely requires 
an additional rotation at the ridge axis. The uncertainty of the average dike orientations is 9.3° 
and 5.3°, for Area A and B, respectively; however, if we include an additional ~10° uncertainty 
associated with the Geocompass measurement, then the amount of possible rotation at the ridge 
axis is approximately near the detectable limit. We cannot exclude the possibility that this ridge 
axis rotation occurred in Area B, nor do the data necessitate that this rotation occurred in Area 
A. Perhaps the NW-dipping set of dikes in Area A were not intruded in a vertical orientation, 
but rather had an initial dip inward toward the ridge axis. The smaller subset of inward-dipping 
intrusions could have had a more shallow dip, inward toward the ridge axis than observed 
before inward block tilting at the ridge. Alternatively, these intrusions could have been accreted 
to the Pacific Plate west of the EPR, tilted inward to produce westerly dip directions, and then 
transferred to the Nazca Plate east of the EPR by ridge propagation. Another possibility is that 
this subset of inward-dipping dikes was intruded off-axis, and would have experienced only the 
two more recent rotations. These two later possibilities would suggest a different tilting history 
that should be recorded in the remanence directions from this small subset of dikes with inward 
dip directions, toward the EPR axis. Given the similar remanence directions for both NW- and 
SE-dipping dikes in Area A and the small number of samples with NW dips, it is possible that 
some of these dikes had a more shallow dip, inward toward the EPR, which became steeper 
during subaxial subsidence and inward-tilting of uppermost crustal blocks, or that they were 
intruded off-axis and only record the two most recent rotations. This set of potential inward-
dipping intrusions obviously violates one of the underlying assumptions in the structural rotation 
models, but appears a probable consequence of the bimodal distribution of dikes.
7.3 Comparison With Other Areas
 The most direct oceanic comparison to our observations and data from the northeast wall 
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of Pito Deep Rift derives from studies of crust exposed along the north wall of the Hess Deep 
Rift. At the Hess Deep Rift, broadly similar uppermost crustal structure expressed by lavas with 
westerly dips (toward the EPR) and dikes with moderate to steep dips to the east (away from 
the EPR) are crosscut by steeper, intact, subvertical dikes. Paleomagnetic studies of oriented 
samples from Hess Deep Rift are compatible with a model in which nonvertical dikes are the 
result of post-intrusion, structural rotations rather than intrusion in moderately to gently dipping 
trajectories [Hurst et al., 1994a; Varga et al., 2004]. However, a few differences in uppermost 
crustal structure were noted between Hess Deep Rift and Pito Deep Rift. Although the geometry 
and equatorial latitude at Hess Deep makes it very difficult to resolve rotations about N/S, 
ridge-parallel, horizontal axes, the dikes at Hess Deep have an average dip that is less than at 
Pito Deep, suggesting that they have been slightly more tilted. This observation, along with 
qualitatively more cataclastic deformation related to faulting at Hess Deep, indicates a difference 
in the amount of extension accommodated by faulting compared to dike intrusion as may be 
expected at a slower spreading rate with less voluminous magmatic activity. Despite these 
differences, these overall relationships imply that substantial structural deformation took place at 
uppermost crustal levels within a few kilometers of the EPR axis. This type of complex internal 
structure has been previously reported [Karson et al., 1992; Hurst et al., 1994a; Karson et al., 
2002a; Varga et al., 2004], but the present study documents that it also persists across at least 8 
km of the northeast wall exposures of Pito Deep Rift that formed at a (<10%) faster spreading 
rate than Hess Deep.
 Although the remanence directions from oriented samples at Pito Deep Rift do not allow 
for a unique interpretation of the structural rotations of superfast-spread crust, they do provide 
some constraints on crustal deformation. A geologically plausible model for the sequence 
of structural rotations of sheeted dikes exposed in Area B at Pito Deep Rift includes a 22° 
counterclockwise rotation (right-hand rule) about a ridge-parallel axis (010°/00) to account for 
the outward dip of the dikes. This amount of rotation is identical to the inferred 22° rotation 
of a comparable paleomagnetic study at Hess Deep Rift [Varga et al., 2004]. However, the 
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geologically reasonable model for Area A does not require such a large rotation (~11°), if at all. 
This range of EPR-axis rotation from Areas A and B suggests that dikes are generally less rotated 
at superfast-spreading rates and corresponds to less subaxial subsidence near the ridge axis. The 
similarity of uppermost crustal structures at Hess Deep and Pito Deep Rifts and paleomagnetic 
remanence directions of dikes suggests that similar spreading processes may characterize fast to 
superfast-spreading centers.
 At deeper structural levels, massive gabbro exposed at both Pito Deep Rift study areas 
[Chutas, 2007, Karson et al., unpublished data, 2005], and at the Hess Deep Rift study area 
[Karson et al., 2002a; Varga et al., 2004] appears to be less deformed by fracturing than the 
overlying section at the scale of observation (~10-100s m). Unlike the generally consistent 
orientations of dikes, no distinct structural features were found within the massive gabbro 
exposed below the sheeted dike complex. Caution is acknowledged in the interpretation of the 
limited remanence data for only 8 sites of gabbroic rocks at Hess Deep Rift. However, based 
on differences between dike and gabbro remanence directions and the observed structural 
differences within the two units, gabbroic rocks may have deformed under a different mechanism 
than the overlying crustal units [Varga et al., 2004]. The interpretation of only 5 sites in gabbroic 
rocks at Pito Deep Rift, are similarly limited, yet a distinct difference in structure between dike 
and gabbro units is also noted [Karson et al., unpublished data, 2005, Chutas, 2007; Perk et 
al., 2007]. A similarly distinct discontinuity between the gabbros and overlying sheeted dike 
complex that suggests decoupling and differing styles of deformation has been well documented 
in the Troodos Ophiolite [Varga and Moores, 1985; Hurst et al., 1994b; Agar and Klitgord, 1995; 
Granot et al., 2006], although it likely formed at a different spreading rate.
 Further comparison and constraints of mechanical deformation in the uppermost crust 
are provided by observations and paleomagnetic data from several oceanic drill cores. Most drill 
cores do not penetrate the entire lava sequence and only a few have recovered sheeted dikes, 
such as ODP/DSDP Hole 504B and ODP/IODP Hole 1256D. The E/W spreading geometry of 
504B is ideal for detecting rotations about ridge-parallel axes with paleomagnetic remanence 
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directions. The dips of chilled margins and paleomagnetic inclinations of sheeted dikes in hole 
504B indicate < 10° of rotation [Pariso and Johnson, 1989; Allerton et al., 1995]. Although the 
geometry of Hole 1256D is less suitable for determining rotations, the location in superfast-
spread crust provides useful comparison to Pito Deep. A range in dip magnitude (~50°-90°) of 
dike orientations with a mode of ~70°-75° [Umino et al., 2008], and average true dip of ~79°±8° 
NE for chilled margins [Tominaga et al., 2009] suggest that the sheeted dike complex at Hole 
1256D is tilted slightly inward, toward the ridge axis by approximately 10-20°. However, 
drilling-induced remanence and large scatter of paleomagnetic inclinations of the ~350-m-thick 
sheeted dike unit recovered from Hole 1256D (JANUS database for ODP legs 206 [Wilson et 
al., 2003], 309, and 312), precludes using remanence data to recognize tilting. Nonetheless, the 
common observations and measurements of dike margins in drill holes and at tectonic windows 
demonstrate that dikes are rarely vertical. Currently, few robust sets of paleomagnetic data from 
drill cores support post-emplacement structural rotations of sheeted dikes. Although some drill 
core magnetic data suggest structural rotations of the lava unit overlying the sheeted dikes, the 
scatter of these data and associated uncertainties do not require a systematic change in tilting 
with depth.
 Overall, geologic observations and paleomagnetic data at Pito Deep Rift support models 
that accommodate subsidence in the uppermost crust. However, data from the Pito Deep Rift 
suggest that fracture-accommodated rotation of upper crustal units also affects the sheeted 
dike complex, rather than being confined to the bending and rotation of inward-dipping lavas. 
This conclusion is in contrast to the interpretation of differential response to post-depositional 
rotation between the lava unit and underlying sheeted dike complex of 504B and the Akaki River 
section of the Troodos Ophiolite [Schouten and Denham, 2000]. Although that interpretation 
supports bending and inward-tilting of the lava unit, Schouten and Denham [2000], suggest that 
the underlying sheeted dikes undergo vertical compensation so as to maintain the steep, vertical 
orientations of the dikes. The common observation of outward-dipping dikes with numerous 
dike-margin-parallel faults and cataclastic zones in other orientations that both isolate panels 
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of dikes [Karson et al., 2005; Hayman and Karson, 2009], suggests that rotational normal 
(“bookshelf”) faulting of panels of sheeted dikes is the dominant mode of deformation and is 
a significant structural element of the uppermost crust. Dike-parallel slip and associated block 
rotation are well documented in extensional regimes such as ophiolites [e.g., Varga, 1991, 2003]. 
The outward dip of dikes and inward dip of the lavas suggests that subaxial subsidence plays 
an important role in accretion of oceanic crust formed at intermediate- to superfast-spreading 
rates. A few, subvertical dikes cross-cut panels of variably tilted and fractured dikes and lavas 
suggesting that block rotations and deformation occurs within the locus of magmatic activity at 
the spreading center (Karson et al., 2005, unpublished cruise report).
7.4 Constraints on Easter Microplate Rotation
 Numerous studies of the bathymetric and magnetic character of the Easter Microplate 
reveal the details of its tectonic history and evolution [Hey et al., 1985; Francheteau et al., 1988; 
Searle et al., 1989; Martinez et al., 1991; Naar and Hey, 1991; Rusby and Searle, 1995]. Many 
of these studies suggest that the rigid microplate is rotating clockwise at ~15°/Ma [Rusby and 
Searle, 1995], or up to ~17°/Ma to 19°/Ma [Naar and Hey, 1991]. Abyssal hill lineaments and 
magnetic anomalies of the Nazca Plate north/northeast of Pito Deep appear rotated ~20° to >45° 
clockwise relative to the ~N/S (000° to 015°) oriented fabrics of the Pacific or Nazca Plate crust 
generated at the EPR. Thus some coupling has occurred between the microplate and adjacent 
Nazca Plate. Paleomagnetic samples collected from widely spaced dives around and within the 
Easter Microplate suggest large clockwise rotations [Cogné et al., 1995]. Paleomagnetic data 
from our study provide a more robust indication of coupling between the Nazca Plate and Easter 
Microplate [Varga et al., 2008].
 The paleomagnetic remanence directions and structural data from the uppermost crust 
of the Nazca Plate northeast of the Easter Microplate presented in this study support current 
estimates of clockwise rotation of the Easter Microplate. These data suggest perhaps as much as 
44° of clockwise rotation about a vertical axis from a plausible structural model, and indicate a 
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minimum of at least 24°. These constraints from ~3 Ma crust are entirely compatible with the 
range of ~15°/Ma to ~18°/Ma of previous models of Easter Microplate rotation [Naar and Hey, 
1991; Schouten et al., 1993; Cogné et al., 1995; Rusby and Searle, 1995; Varga et al., 2008]. It 
is important to note that these oriented samples from upper crust of the Nazca Plate adjacent to 
the Easter Microplate show similar rates of clockwise rotation as estimates for rotation of the 
microplate interior. This amount of rotation and the relatively wide zone of deformation near the 
northeast microplate boundary implies significant coupling between the clockwise rotating Easter 
Microplate and the adjacent Nazca Plate. Coupling between the plates supports the assumption 
that the rapid microplate rotation is driven by coupling along its edges [Schouten et al., 1993].
7.5 Implications for Magnetic Anomalies of Superfast-Spread Crust
 The interpretation of linear magnetic anomalies recorded in oceanic crust during 
accretion plays a fundamental role in determining characteristics of seafloor spreading and in 
developing and refining the geomagnetic polarity timescale [Vine and Matthews, 1963; Heirtzler 
et al., 1968; Cande and Kent, 1995; Gee and Kent, 2007]. Basalt lavas of the uppermost crust 
have historically been considered the primary source of magnetic anomaly lineations [Smith, 
1990]; however, deeper intrusive units may significantly contribute in many areas [Gee and Kent, 
2007]. Average magnetization values of ~6 A m-1 for dikes at Pito Deep Rift (Table 1) and ~5 
A m-1 at Hess Deep Rift [Varga et al., 2004], are greater than dikes at Hole 504B (~1.6 A m-1) 
[Pariso and Johnson, 1991], and comparable to values of some lavas collected from oceanic 
drill cores [Johnson and Pariso, 1993; Gee and Kent, 2007]. Average predrilling magnetization 
in the range of 2-5 A m-1 from dikes and gabbroic rocks from Hole 1256D [Teagle et al., 2006], 
are slightly less than dikes at Pito Deep. All of these data suggest that the magnetization of 
dikes may contribute to observed magnetic anomalies from fast- to superfast-spread oceanic 
crust. The contribution may be even more significant in oceanic crust with a thinner and/or more 
extensively fractured and altered lava unit.
 Interpretation of the rotation history of dikes from Pito Deep Rift that includes tilting 
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at the EPR axis also has implications for anomalous skewness. Tilting of the magnetic source 
layers (lavas and dikes) will result in significant anomalous skewness of the observed magnetic 
anomalies [1° tilt = 1° skewness, Gee and Kent, 2007]. The geologically plausible model for 
Area B includes ~22° inward-tilt of dikes and lavas toward the axis, while Area A does not 
require a rotation at all, but could have ~11° of inward tilting. This inward tilting would produce 
anomalous skewness in the opposite sense of that observed at spreading ridges. However, at 
spreading rates above ~50 km Ma-1, anomalous skewness is not significantly detectable with 
values within 10° to 15° of zero [Dyment et al., 1994]. If anomalous skewness is not detectable 
at fast-spreading rates, then it is likely that the larger amount of tilt (~22°) is not generally 
persistent across much of the fast-spreading ridge system. Some lesser amount of tilting (~11°) 
would be more consistent with the range of anomalous skewness values determined from fast-
spread crust. Nonvertical polarity boundaries also likely contribute to the skewness of magnetic 
anomalies [Tivey, 1996; Gee and Kent, 2007]. If 22° inward-tilt is generally present along the 
fast-spreading ridge system, then the contribution from tilted uppermost crust to anomalous 
skewness may be balanced by or overcompensated by the skewness contribution from a 
nonvertical magnetic boundary in the gabbros that dips outward, and away from the spreading 
axis [e.g., Gee and Kent, 2007].
8. Conclusions
 Structural observations and paleomagnetic remanence directions from the uppermost 
oceanic crust exposed at Pito Deep Rift provide new insights into processes of crustal accretion 
at superfast-spreading ridges. These data demonstrate the utility of fully-oriented samples from 
seafloor escarpments in constraining spreading processes. Results from this investigation lead 
to a number of conclusions regarding magmatic construction and mechanical deformation along 
the southern EPR, and may have implications for the structure of oceanic crust generated at other 
fast- to superfast-spreading ridges.
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1. Paleomagnetic remanence directions from 62 basaltic dike and 5 gabbroic rock samples, and 
accompanying structural observations indicate that significant post-intrusion structural rotations 
have occurred.
2. Best-fit restoration models guided by geological relationships and bootstrapped mean 
remanence directions incorporate a sequence of three rotations after dike intrusion. First, a 
rotation about an EPR-parallel horizontal axis, related to subaxial subsidence near the ridge axis 
to account for the outward dip of the dikes. Second, a rotation about a vertical axis related to the 
clockwise rotation of the Easter Microplate to account for the northeast strike of the dikes. Third, 
a rotation about a horizontal axis parallel to the trend of the Pito Deep Rift, related to the block 
tilting at Pito Deep Rift.
3. Remanence directions, structural observations, and interpretations indicate that accretion at 
fast- to superfast-spreading ridges involves (>400 m) subaxial subsidence and related inward-
tilting between 0° to ~22° rotation of uppermost crustal blocks to accommodate thickening of the 
lava unit near the spreading axis.
4. Bootstrapped mean remanence directions and structural data indicate between 44° and 46° of 
clockwise rotation in the uppermost crust of the Nazca Plate northeast of the Easter Microplate. 
These data also support estimates from previous studies for clockwise rotation rates of the Easter 
Microplate of ~11° to 15°/Ma.
5. Shallow bootstrapped mean remanence directions also suggest ~10° to ~21° rotation about 
a horizontal axis parallel to the trend of the Pito Deep Rift, related to the block tilting at a 
propagating rift tip.
6. The relatively high NRM values of dikes (~6 A/m) and the generally thin lava unit exposed 
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at Pito Deep Rift suggest a significant contribution of the sheeted dikes as a source to magnetic 
anomalies.
7. Inward-tilting of uppermost crustal blocks suggested by these data would produce a phase 
shift (up to -22°) in the skewness of magnetic anomalies, however skewness at fast-spreading 
rates is typically not detectable (0°±15°). This mismatch suggests that inferred inward-tilts of 
this amount are not persistent along much of the fast-spreading ridge system and may not be 
as general of feature as implied by studies at Hess Deep and Pito Deep Rifts. The amount of 
inward-tilting, if present, is perhaps typically within the uncertainties of anomalous skewness 
(≤10° to 15°). Alternatively, the mismatch may reflect that the contribution from nonvertical 
polarity boundaries in gabbros of the middle to lower oceanic crust balances or overcompensates 
the contribution of the inward-tilted blocks of uppermost crust.
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Table Captions
Table 1. Paleomagnetic Results for Pito Deep Rift 2005 Oriented Dike and Gabbro Samples
a Sample numbers are combination of truncated dive number and dive times. NRM is natural 
remanent magnetization at room temperature; N/Nc is number of cores measured (N) versus 
number used in final site mean calculation; D and I are declination and inclination, respectively.
b Sample lithology: dike (D) or gabbro (G).
c Orientation of dike chilled margin from Geocompass measurements.
d MDF’ is median destructive field (mT), at which 50% of initial NRM remains; MDT’ is median 
destructive temperature (°C), at which 50% of initial NRM remains; Angle is the angle between 
the sample remanence direction and calculated bootstrap mean direction or its antipode (marked 
with asterisk *) for normal or reverse polarity, respectively.
e Sample polarity interpretation: normal (N), reverse (R), or undetermined (U).
Table 2. Comparison of Paleomagnetic Bootstrapped Means and Rotational Models
Figures Captions
Figure 1. Tectonic map of the Easter Microplate (EMP) and Pito Deep Rift (PDR) with East 
Pacific Rise (EPR) inset location map. Thin black lines represent bathymetric lineaments based 
on the GLORIA data [After Rusby and Searle, 1995], and thick red and black lines show plate 
boundaries. HDR, Hess Deep Rift; CP, Cocos plate; JFMP, Juan Fernandez Microplate; WR-
IPF, West Rift inner pseudofault; ER-IPF, East Rift inner pseudofault; ER-OP, East Rift outer 
pseudofault.
Figure 2. SeaBeam2000 bathymetry with highlighted study Areas A and B shown in white boxes 
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[Karson et al., 2005]. White dashed lines show polarity boundaries for Chron C2An.2n (3.110-
3.220 Ma) and Chron C2An.3n (3.330-3.580 Ma) [Cande and Kent, 1995].
Figure 3. Alvin and Jason II transects in Areas A and B. Also shown are the Nautile Dive 
transects [After Chutas, 2007].
Figure 4. Pillow and lobate basaltic lavas with ~10° NW dip, toward the EPR. Field of view is 
to the northeast and approximately 3 m across. Image taken during Alvin dive 4077 in Area A at 
depth of ~3285 m.
Figure 5. Typical view of sheeted dikes, with consistent SE dip, each dike is ~1 m wide. Alvin 
dive 4082 in Area B at depth of ~2948 m, view to northeast.
Figure 6. Equal-area lower hemisphere projection of all 64 poles to dike margins measured with 
Geocompass in Areas A and B. Total number of dikes measured with Geocompass includes 2 
dikes in each area for which no oriented sample was collected. Mean dike orientations in Areas 
A and B are shown by great circles 066°/83° SE shown in green and 054°/68° SE shown in blue, 
respectively.
Figure 7. Typical outcrop of massive gabbroic rock at Pito Deep Rift. Image taken during Jason 
II transect 3 in Area A at depth of 4168 m, view is to 050°.
Figure 8. Log of natural remanent magnetization (NRM) of 62 dike blocks from Pito Deep Rift. 
Arithmetic mean = 5.96 A/m ± 3.76; geometric mean = 4.28 A/m.
Figure 9. Vector endpoint diagrams show thermal and alternating field demagnetization behavior 
from representative specimens from Pito Deep Rift dike and gabbro samples. Filled (open) 
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circles are the horizontal (vertical) projections. Diagrams a-j show specimens from basalt 
dikes. Diagrams k-m show specimens from gabbros with two and three component remanence 
directions.
Figure 10. Lower-hemisphere, equal-area stereonets showing site ChRM data from Area A in 
Pito Deep Rift. Open (filled) symbols are for the upper (lower) hemisphere, and small circles are 
α95 confidence ellipses. Great circles represent dike orientations measured on samples at every 
collection site during each dive. 
Figure 11. Lower-hemisphere, equal-area stereonets showing site ChRM data from Area B in 
Pito Deep Rift. Symbols same as in Figure 10.
Figure 12. Equal-area stereonet of site-mean characteristic remanent magnetization (ChRM) 
directions and corresponding α95 confidence ellipses for all 14 adjacent dike samples collected 
during Alvin Dive 4081. Open circles plotted in upper hemisphere. Open (filled) star represents 
expected direction for normal (reversed) geocentric axial dipole at ~23° S. Also shown in 
the accompanying stereonet is the bootstrapped mean of these 14 dikes with estimated 95% 
confidence ellipse. This mean direction is distinct from the expected direction at this level 
of confidence, suggesting some rotations have occurred. Great circle depicts average dike 
orientation measured for 14 samples, 047°/72° SE.
Figure 13. a) Equal-area stereonet of sample mean vector (SMV) directions and corresponding 
α95 confidence ellipses for all 62 dike samples collected during from Pito Deep Rift. Open (filled) 
circles plotted in upper (lower) hemisphere. Open (filled) star represents geocentric axial dipole 
expected direction at ~23° S for normal (reversed) polarity. b) Shows data from all 5 gabbro 
samples with same symbols. c) Bootstrapped mean for all samples in Area A (23), with antipodes 
of reversed polarity samples (Table 2). d) Bootstrapped mean for all samples in Area B (44), with 
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antipodes of reversed polarity samples (Table 2). Bootstrapped mean remanence directions from 
both Areas are distinct from the expected direction at this level of confidence, suggesting some 
rotations have occurred. 
Figure 14. Spatial relationship of polarity interpretation of samples collected by Alvin and Jason 
II shown on lithologic columns of individual transects in both study Areas at Pito Deep Rift 
[After Chutas, 2007].
Figure 15. Equal-area stereonet illustrations of rotation models for Areas A (15a and 15b) and 
B (15c and 15d). The bootstrapped mean remanence directions of the samples are shown by the 
triangle with its corresponding α95 confidence ellipse. Open (filled) star represents geocentric 
axial dipole expected direction at ~23° S for normal (reversed) polarity. Dashed red great circle 
shows expected dike orientation (010°/90°), parallel to the EPR axis and vertical. Great circles 
and their poles correspond to the average dike orientations in each Area and track changes in 
orientation throughout the rotation sequence. However, only the two final restored orientations of 
the two sets of dikes in Area A are shown in 15b for clarity.  These stereonets show the two-stage 
(15a and 15c) and three-stage (15b and 15d) reverse sequence of different rotations outlined in 
the text and Table 2. Numbers represent reverse sequence of rotations; 1) Pito Deep Rift block 
tilting rotation about 330°/00° horizontal axis, 2) Easter Microplate vertical-axis (000°/90°) 
rotation, and 3) EPR axis (010°/00°) horizontal axis. See text and Table 2 for further description 
and magnitude for each rotation.
Figure 16. Schematic diagram of superfast spreading center with uppermost crustal structure 
features observed at Pito Deep Rift. Basaltic lava flows (thin black lines) dip toward the ridge 
axis while sheeted dikes (double lines) below commonly dip away from the axis. Faulting, 
fracturing, and block rotation in the uppermost crust (not shown for clarity) accommodate the 
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Constructing the Sheeted Dike Complex at Fast- to Superfast-Spreading Centers Through 
Variable Magma Flow Directions
A. J. Horst1, R. J. Varga2, J. S. Gee3, and J. A. Karson1 
1Department of Earth Sciences, Syracuse University, Syracuse, NY, USA 13244-1070
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Abstract
Dike intrusion is a fundamental process during upper oceanic crustal accretion at fast- to 
superfast-spreading ridges. Based on the distribution of magma along fast-spreading centers, 
models predict systematic steep flow at magmatically robust segment centers and shallow 
magma flow toward distal segment ends. Anisotropy of magnetic susceptibility (AMS) fabrics 
from 49 fully-oriented block samples of dikes from upper oceanic crust exposed at Hess Deep 
Rift and Pito Deep Rift reveal a wide range of magma flow directions that are not consistent with 
such simple magma supply models. The AMS is interpreted to arise from anisotropy distribution 
of magnetic crystals based on weak shape-preferred orientation of opaque oxide and plagioclase 
crystals generally parallel to AMS maximum eigenvectors. Most dike samples show normal 
AMS fabrics with maximum eigenvector directions exhibiting a wide range from subvertical to 
subhorizontal. Inferred magma flow lineations from maximum eigenvectors show no preferred 
flow pattern, even after structural correction. We use a Kolmogorov-Smirnov test to show that 
flow lineation rakes from Hess and Pito Deep Rifts are not distinct from one another, nor are they 
distinct from Oman and Troodos Ophiolites flow rake AMS data; none are distinct from uniform 
distributions. Magma flow directions in sheeted dikes from these two seafloor escarpments also 
do not correlate with available geochemistry in any systematic way as previously predicted. All 
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these results imply a more complex construction of sheeted dikes complexes at fast- to superfast-
spreading ridges.
1. Introduction
 Dike intrusion accommodates nearly all plate separation at fast- to superfast-spreading 
mid-ocean ridges and represents the primary mechanism of magma transport in upper oceanic 
crustal accretion [Curewitz and Karson, 1998; Delaney et al., 1998]. Repeated emplacement 
of subparallel dikes through incremental intrusion results in the construction of sheeted dike 
complexes and is regarded as a hallmark of seafloor spreading. Magma delivery from subaxial 
storage chambers to the upper crust and seafloor through dike injection is likely to have 
significant mechanical effects over most or all of the axial region of fast-spreading ridges, and to 
play an important role in development and modification of rift morphology, topography, faulting, 
and hydrothermal systems [Chadwick and Embley, 1998; Curewitz and Karson, 1998; Delaney 
et al., 1998; Soule et al., 2009]. Since the earliest models of seafloor spreading, a common 
perception is that most dikes intrude vertically within a narrow zone (<50 m wide) at the ridge 
axis; repeated dike injection creates the sheeted dike complex [Kidd, 1977]. Although the 
frequency of dike intrusion at fast- to superfast-spreading centers is quite high (approximately 
one dike every 5 to 10 years [e.g., Hooft et al., 1996], the details of spatial and temporal variation 
in magma flow during sheeted dike construction are largely unknown. Since the process of 
injection and flow of magma cannot be directly observed, processes of crustal magma delivery 
during oceanic spreading must be inferred from oceanic and subaerial rift geophysical data or 
from textural studies of dikes in exhumed rifted crust.
 The simple view of magma storage, transport, and emplacement commonly depicted in 
early seafloor spreading models [e.g., Cann, 1970], has been subsequently modified by decades 
of marine geophysical and geochemical studies of fast-spreading centers (>90 mm yr-1, full 
rate). These studies show that ridge segments exhibit systematic along-axis variations in axial 
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depth [Macdonald et al., 1984; Macdonald and Fox, 1988], ridge crest morphology [Scheirer 
and Macdonald, 1993], basalt geochemistry [Langmuir et al., 1986; Sinton et al., 1991], and 
hydrothermal activity [Haymon et al., 1991]. Most of these observations are generally attributed 
to variations in local supply of magma along spreading segments [Macdonald et al., 1984; 
Macdonald and Fox, 1988]. Broad and shallow ridge segments are assumed to indicate high rates 
of magma supply from large axial magma chambers compared to narrow and deep ridge sections 
that typically occur near segment discontinuities. 
 Seismic surveys along the fast- to superfast-spreading East Pacific Rise (EPR) reveal 
a nearly continuous seismic reflector at ~1 to 2 km depth beneath the ridge axis [Detrick et 
al., 1987; Kent et al., 1993a,b], that is underlain by a low velocity zone [Harding et al., 1989; 
Toomey et al., 1990; Vera et al., 1990; Dunn et al., 2000]. The reflector is interpreted as the top 
of a magma lens or axial magma chamber (AMC) containing a high proportion of melt [Singh 
et al., 1998], while the low velocity zone is thought to represent a region of crystal mush above 
the Moho [Harding et al., 1989; Toomey et al., 1990; Vera et al., 1990; Dunn et al., 2000]. The 
lenticular-shaped AMC occurs between 0.8 to 2.3 km beneath the ridge axis, is 10’s of km long, 
0.3 to 4.1 km wide, and 0.05 to 0.30 km thick [Kent et al., 1993a; Hooft et al., 1997; Singh et al., 
1998]. 
 The correlation of changes in ridge depth and morphology and the presence or absence 
of the AMC supports a spreading model with along-axis variations in magma supply [Detrick et 
al., 1987; Harding et al., 1989; Kent et al., 1990; Detrick et al., 1993]. According to this model, 
areas along the ridge axis with enhanced magma supply may be expected to have more vertical 
magma flow in dikes, while areas with lower supply may have more subhorizontal magma flow. 
The large magma supply and relative continuity of the AMC at fast- to superfast-spreading ridges 
might be expected to result in dominantly vertical magma flow in dikes in these environments 
(Figure 1a). An increase in lava MgO content that correlates with a decrease in AMC width 
across a slight left-step offset (<0.5 km) of the southern EPR axis are thought to indicate vertical 
magma transport through dikes to the seafloor [Sinton et al., 2002; Bergmanis et al., 2007]. 
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Conversely, adjacent dikes in the sheeted dike complex of exposed fast-spread crust exhibiting 
variation in major and trace element concentrations indicate spatially distinct parental magma 
compositions that suggest lateral magma emplacement from different along-axis sources [Stewart 
et al., 2002]. Supporting evidence for subhorizontal magma transport in dikes away from 
shallow crustal magma chambers into adjacent rift zones also emerges from seismic, geodetic, 
and field observations in Afar, Iceland, and Hawaii subaerial rifting environments [Abdallah et 
al., 1979; Brandsdottir and Einarsson, 1979; Klein et al., 1987]. Additional magnetic fabric and 
macroscopic evidence corroborate these studies and reveal the presence of laterally emplaced 
dikes within exhumed rift zones in Hawaii and sheeted dikes in the Troodos Ophiolite [Knight 
and Walker, 1988; Staudigel et al., 1992]. Subhorizontal injection of a dikes is also inferred from 
laterally-migrating seismic activity away from Axial Volcano at the intermediate-spreading Juan 
de Fuca Ridge [Dziak et al., 1995; Dziak and Fox, 1999]. These studies support the notion that 
oceanic spreading centers are structurally and magmatically segmented with enhanced magmatic 
activity focused near segment centers and less robust magmatism toward distal segment ends. 
In this framework, lateral dike injection increasing from segment centers to segment ends 
might be expected. Thus sheeted dike complexes generated near segment centers may form by 
mainly vertical intrusion whereas those near segment ends may be constructed by increasing 
proportions of laterally-intruded dikes (Figure 1b). The longevity of discrete melt lenses within 
the relatively continuous AMC at fast-spreading ridges that source the sheeted dikes is not well 
known. However, consistent relationships between axial depth and morphology with changes 
in AMC characteristics suggests these features persist for thousands to tens (or hundreds) of 
thousands of years [e.g., Macdonald, 1998]. The corollary of this is that it is also unknown 
whether melt lenses are repeatedly replenished to the same location (steady-state features), or if 
they form in different locations along the ridge axis (transient features) on longer timescales. The 
question is whether we can use magma flow directions in sheeted dike complexes to understand 
time-averaged variations in AMC melt properties. If observed magma flow directions from 
ridge-perpendicular sections of adjacent dikes are consistent with simple magma supply models 
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(Figure 1), then perhaps we can extract spatial and temporal information regarding discrete AMC 
melt lenses along the ridge axis. Moreover, if magma flow directions support one of the simple 
magma models, then these data could help constrain the location of crustal generation along the 
ridge axis (e.g. segment center vs. end).
 We present anisotropy of magnetic susceptibility (AMS) data of fully-oriented basalt dike 
samples collected from two seafloor escarpments, Hess Deep Rift and Pito Deep Rift, to examine 
and quantify the direction of magma flow in dikes from a fast- and superfast-spreading center, 
respectively. AMS provides a rapid measure of the orientation or distribution of magnetic phases 
in a specimen that typically parallels silicate fabric, and has demonstrated its utility to study 
magma flow directions in basalt dikes [Knight and Walker, 1988; Tauxe et al., 1998; Varga et al., 
1998]. These studies generally document the close correspondence of the maximum eigenvector, 
long-axis of the AMS ellipsoid (lineation), and the magma flow direction determined by 
independent methods, such as hot slickenlines or shape-preferred orientation of crystals or 
vesicles. The AMS data of 17 and 32 fully-oriented basalt dikes measured from Hess Deep and 
Pito Deep Rifts, respectively, generally show a wide range of flow lineations within the sheeted 
dike complex. Although shallow intrusive directions from a subset of the Pito Deep Rift dike 
samples were presented in an earlier paper [Varga et al., 2008], the full data set reveals additional 
complexities and a basis for comparison with Hess Deep Rift. The range of AMS magma flow 
lineations in dikes collected from these two seafloor escarpments is similar to that observed in 
ophiolites. These results contradict generally accepted simple models of dike emplacement, thus 
indicating a more complex generation of sheeted dike complexes.
2. Tectonic setting of study areas
 Only a few large seafloor escarpments along the EPR offer the opportunity to study 
in situ cross-sections of oceanic crust generated at fast-spreading rates. These typically occur 
at the amagmatic tips of propagating rifts into young oceanic lithosphere, and although the 
74
crust exposed at Hess Deep and Pito Deep Rifts formed at different locations along the EPR, 
both rifts occupy similar tectonic settings (Figure 2). The Hess Deep Rift is located at the tip 
of the westward-propagating rift along the fast-spreading (~133 km Ma-1, full-spreading rate) 
Galapagos Ridge [Lonsdale, 1988], while the Pito Deep Rift is the northern tip of a northward-
propagating rift along the superfast-spreading (~142 km Ma-1, full-spreading rate) East Pacific 
Rise (EPR) [Hey et al., 1995]. Both rifts provide extensive exposure (~2-3 km vertically and 10’s 
of km horizontally) of uppermost crustal structures along large fault escarpments, or tectonic 
windows, that are oriented at a high angle to spreading-related structures. Crust examined along 
each of the two Pito Deep Rift study areas ~4 km wide represents ~0.060 Ma, while that along 
~30 km wide area at Hess Deep Rift represents ~0.450 Ma (assuming half-spreading rates of 71 
km Ma-1, and 66 km Ma-1, respectively). Both study areas also lack reliable constraints on where 
crust was generated with respect to segment-scale geometry. However, based on variability 
in geochemical compositions from adjacent dikes it has been suggested that crust exposed at 
Hess Deep and Pito Deep Rifts formed in low magma supply setting, such as near the end of a 
segment [Stewart et al., 2005; Pollock et al., 2009].
 In detail, the exposed oceanic crust in both areas exhibits a similar vertical sequence of 
rock types as documented from drill cores [Alt et al., 1993; Wilson et al., 2006], and ophiolites 
[Moores and Vine, 1971; Nicolas, 1989]. These studies all indicate the oceanic crust generated 
at intermediate- to superfast-spreading ridges is composed of basalt lavas, sheeted dikes, and 
gabbros, from the top down in the crustal section. Sheeted dikes at both exposures typically dip 
away from the ridge axis with strikes parallel to adjacent abyssal hills. On average, a wider range 
in dike orientations measured at Hess Deep Rift and qualitative observations of more cataclastic 
deformation and related faulting [Varga et al., 2004; Hayman and Karson, 2007], suggests 
slightly more tilting and subaxial subsidence occurred near the ridge axis during the formation of 
Hess Deep crust than that at Pito Deep Rift [Horst et al., 2011].
 The crust at each of the two areas has a complicated tectonic history involving thermal 
subsidence during spreading away from the East Pacific Rise, and more recent faulting and tilting 
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due to rifting. The crust at Pito Deep Rift has also been affected by the clockwise rotation of the 
adjacent Easter Microplate [Hey et al., 1985; Francheteau et al., 1988; Naar and Hey, 1991; 
Rusby and Searle, 1995]. Attempts to resolve the post-spreading deformation have been made 
through paleomagnetic studies of fully-oriented samples [Varga et al., 2004; Horst et al., 2011]. 
Both of these studies combine structural and paleomagnetic data to create structural rotation 
models that best constrain the tectonic history and restore the dike samples to their assumed 
initial vertical and rift-parallel orientation. Restorations using these constrains permit AMS 
and inferred magma flow data from both study areas to be compared relative to EPR-spreading 
geometry.
3. Methods
3.1 Anisotropy of magnetic susceptibility
 Anisotropy of magnetic susceptibility (AMS), a second-rank tensor, describes the 
dependence of magnetic susceptibility with direction in a specimen with associated eigenvectors 
(or principal axes) V1, V2, and V3 with eigenvalues τ1, τ2, and τ3 that correspond to maximum, 
intermediate, and minimum susceptibility, respectively. These eigenparameters define the AMS 
ellipsoid for each specimen with semi-axes or eigenvectors (Vi) and lengths proportional to the 
eigenvalues (τi) [Tauxe, 2010].
 The maximum eigenvector (V1), or magnetic lineation, of the AMS ellipsoid is commonly 
interpreted as the preferred orientation of the long-axes of contained magnetic mineral phases 
[e.g. Uyeda et al., 1963] or the anisotropic distribution of magnetic phases [Hargraves et al., 
1991; Stephenson, 1994] within a silicate fabric. AMS is controlled by the orientation and/or 
distribution of ferromagnetic minerals (e.g., magnetite) and to a lesser extent by the orientation 
of paramagnetic minerals (ferromagnesian phases). Although AMS can arise from a variety 
of causes, in titanomagnetite-bearing rocks such as basaltic sheeted dikes, it is commonly 
interpreted as the result of anisotropic distribution of magnetic phases, controlled by grain shape 
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and statistical alignment of crystals within a rock.
 In AMS studies of igneous dikes, it is generally accepted that alignment of crystals is 
produced by shear during magma flow. Numerous studies utilize AMS in basalt dikes as an 
indirect proxy for petrofabric in order to determine magma flow directions [Knight and Walker, 
1988; Staudigel et al., 1992; Tauxe et al., 1998; Varga et al., 1998; Staudigel et al., 1999]. 
These studies generally show a close correspondence of the maximum eigenvector (V1) with 
the direction of flow determined by independent methods (e.g., macroscopic dike-margin flow 
indicators), and reveal that the magnetic lineation defined by V1 typically parallels the silicate 
fabric. Thus, V1 yields a lineation inferred to indicate the magmatic flow direction. In many 
studies, V1 is imbricated with respect to the chilled dike margin, and this imbrication is used to 
define a unique flow direction [Knight and Walker, 1988; Tauxe et al., 1998; Varga et al., 1998].
 Most AMS studies of magma flow in basalt dikes adopt a sampling strategy that 
incorporates collection of at least five oriented cores from within about 10 cm of the fine-grained 
chilled margin in order to insure that samples record the conditions of flow early in the history of 
dike emplacement [e.g., Tauxe et al., 1998]. Collecting block samples on the seafloor prohibited 
directly adhering to this strategy. Dike margins were not present on most block samples so the 
relationship of the cores drilled from each block sample to the margin is not known. In addition, 
not all collected block samples are large enough to yield >5 core specimens as required by the 
sampling strategy of Tauxe et al., [1998].
3.2 Seafloor sampling and laboratory procedures
 A total of 44 and 62 block samples of basalt dikes from Hess Deep Rift and Pito Deep 
Rift, respectively, were fully oriented in situ using the Geocompass, a device designed to 
measure planar features on the seafloor [Hurst et al., 1994]. However, of the initially oriented 
samples that were collected, low-field AMS was measured on specimens from 37 and 54 block 
samples from Hess and Pito Deep Rifts, respectively. These blocks yielded between 5 and 34 
(average n=12) specimens measured per block sample, not including specimens that had already 
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been demagnetized. AMS for 359 (Hess Deep Rift) and 639 (Pito Deep Rift) specimens was 
measured with an AGICO KLY-4S Kappabridge at Scripps Institution of Oceanography using 
the AMSSpin program [Gee et al., 2008], although a few specimens from Pito Deep were 
measured on an older Kappabridge model, the KLY-2. Intrasample eigenparameter variability 
is characterized through bootstrap calculations of 95% confidence limits [Constable and Tauxe, 
1990].
3.3 Thin section analysis
 Three orthogonal oriented thin sections were cut along planes that contain two of 
the AMS eigenvectors from specimens of three block samples that illustrate representative 
AMS fabrics to test whether the AMS maximum eigenvector is parallel to the shape preferred 
orientation (SPO) of plagioclase and opaque crystals. Thin sections were digitized using a Nikon 
CoolScan and image software was used to isolate the plagioclase and opaque phases by varying 
the threshold of the resulting images. The SPO was determined through an ellipse-fitting function 
in ImageJ software (http://rsbweb.nih.gov/ij/index.html). This function fits an ellipse to adjacent 
groups of pixels that represents the phase of interest and returns a list of angles of the long-axes 
of the ellipses that can be compared to the AMS eigenvectors orientation within each thin-section 
image.
3.4 Restoring data to EPR-spreading geometry
 Restoration models used in this study involve a sequence of rotations that are constrained 
by paleomagnetic remanence data combined with regional tectonic and outcrop-scale structural 
data. Study areas at Pito Deep Rift and Hess Deep Rift each have a different sequence of 
rotations due to different tectonic histories. To restore remanence directions, dike orientations, 
and AMS data, we remove rotations in a reverse sequence of formation, that is, the most recent 
rotation should be removed first followed by older rotations in a reverse sequential order. For 
Hess Deep Rift data, we follow a two-stage reverse sequence model outlined by Varga et al., 
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[2004] involving (1) a 10° rotation on a horizontal axis (180°/00) parallel to Hess Deep Rift 
(~E-W) normal faults, and (2) a 22° rotation about a horizontal axis (000°/00°) parallel to EPR 
(~N-S) normal faults. Magnitudes of rotation for each part of the sequence are estimated from 
bathymetry (1), and determined from mean dike attitude (2) [Varga et al., 2004]. The data set 
from two study Areas A and B at Pito Deep Rift is consistent with a model involving a three-
stage reverse sequence of rotations on (1) a horizontal axis (330°/00°) parallel to Pito Deep Rift 
normal faults, (2) a vertical axis (000°/90°) to account for Easter Microplate rotation, and (3) a 
horizontal axis (010°/00°) parallel to southern EPR normal faults. Rotation magnitudes for each 
part of the sequence at both areas are determined from best-fit models that restore both mean 
remanence directions and dikes to near expected initial orientations (geocentric axial dipole 
direction for 21°S latitude: D = 000°, I = -40.2°; initial dike strike/dip = 010°/90°). For Area A, 
the amounts of individual rotations through the reverse sequence are 21°, 46° and 11°. Amounts 
of rotation for the reverse sequence model of Area B are 10°, 44°, and 22° [Horst et al., 2011]. 
We use the two-stage rotation model for Hess Deep Rift and three-stage rotation model for 





 Bulk magnetic susceptibility ranges from 2.436 x 10-3 to 7.233 x 10-2 SI at Pito Deep 
Rift and 2.053 x 10-3 to 1.401 x 10-1 SI at Hess Deep Rift (Figure 3a and Table 1). Values almost 
entirely above 10-3 SI, suggest the susceptibility is dominantly controlled by ferromagnetic 
minerals in the AMS fabric [Rochette, 1987]. Thermal demagnetization data of dike samples 
from both Hess Deep Rift [Varga et al., 2004], and Pito Deep Rift [Horst et al., 2011], exhibit 
nearly univectorial behavior and reveal maximum unblocking temperatures typically near 575° C 
that suggests remanence in most samples is carried primarily by very low-Ti titanomagnetite. The 
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high magnetic susceptibility of sheeted dikes is undoubtedly due to titanomagnetite content and 
thus AMS is likely due to either the distribution anisotropy or shape of low-Ti titanomagnetite 
crystals.
4.2 AMS fabric classification
 Low-field AMS indicates relatively low percent anisotropy (100(τ1- τ3)) with a range 
from 0.011% to 3.172% with an arithmetic average of 0.498% for dikes from Hess Deep Rift 
and 0.041% to 3.511%, with an average 0.545% for Pito Deep Rift dikes (Figure 3a). AMS 
ellipsoids are typically triaxial with few statistically prolate or oblate shapes as determined from 
cumulative distribution functions of bootstrapped eigenvalues (Figure 3b and Figure 4), after 
Tauxe et al. [1998]. Two dike block samples from Hess Deep Rift showed statistically isotropic 
AMS, with overlapping 95% confidence limits for the bootstrapped eigenvalues (τ1, τ2, and τ3).
 Three types of magnetic fabrics (Normal, Intermediate, and Inverse) are distinguished 
according to orientation of eigenvectors with respect to dike margins, similar to that reported 
by other AMS studies [Rochette et al., 1991; Rochette et al., 1992]. AMS data from both areas 
exhibit predominant normal fabrics (62% at Hess Deep and 76% at Pito Deep) defined by V1 
and V2 near the plane of the dike (Figure 5). A few block samples (6 and 5 from Hess and Pito 
Deep Rifts, respectively) have triaxial or prolate ellipsoids and intermediate fabrics with V1 and 
V3 approximately parallel to the dike margin. Few inverse fabrics, characterized by V1 less than 
a 45° (solid angle) to the dike pole, were found in dikes from both areas (2 from Hess, and 8 
from Pito). Two samples from Pito Deep Rift do not have a dike margin orientation, and thus the 
relationship of eigenvectors to the margin orientation cannot be determined.
 Here, we consider only block samples with at least 5 specimens per block that exhibit 
normal fabrics and prolate or triaxial ellipsoid shapes to yield interpretable magma flow 
lineations. Samples that meet these criteria yet exhibit 95% confidence bounds of bootstrapped 
maximum eigenvectors spanning more than 30° are rejected from further analysis, similar to 
other studies [Tauxe et al., 1998]. Most samples that meet this criteria, have 95% confidence 
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values on bootstrapped V1 that are generally less than ~10° for the semimajor axes and ~15° for 
the semiminor axes (Table 1). Overall, 17 and 32 block samples from Hess and Pito Deep Rifts, 
respectively, meet these relatively strict criteria and are considered to yield reliable magma flow 
information.
 At both the Pito and Hess Deep Rifts, AMS V1 directions from dikes show wide scatter 
with no obvious clustering (Figure 6). Similarly, no apparent preference is observed along 
individual transects by comparing AMS from adjacent dikes. AMS data show no relationship to 
depth within the sheeted dike complex, or available geochemistry (Figure 7). Tighter clustering 
of AMS V1 directions from the different study areas is not apparent after applying the structural 
rotations determined in previous studies [Varga et al., 2004; Horst et al., 2011]. More samples 
from Pito Deep Rift appear to have shallower V1 inclinations than Hess Deep Rift; however, 
the dikes occupy slightly different orientations in space. In order to compare magma flow 
lineations from each area we opt to place the AMS data in a common dike reference frame, as 
viewed from the dike. To make this comparison, we project the V1 onto the plane of the dike 
(both in geographic coordinates) and then compare the distributions of magma flow rakes 
(angle of lineation within the dike plane) from each area. A similar wide range of magma flow 
rakes is observed from the rake data in dike reference frame, with no preference for steep or 
shallow flow (Figure 8). No significant change in scatter is observed after applying previously 
determined structural rotation sequences [Varga et al., 2004; Horst et al., 2011], although more 
samples from Pito Deep Rift appear to have shallower flow rakes than at Hess Deep Rift (Figure 
8). To determine if there is a significant statistical difference between the two distributions 
we use a Kolmogorov-Smirnov test (KS-test). The KS-test is helpful in this case because it 
makes no assumption about the distribution of the data. The maximum difference (D) between 
the cumulative distributions of flow rakes is 0.3805 (Figure 9a), with a corresponding P of 
0.0594 and calculated critical D value of 0.4082 (α=0.05), thus the two sets of magma flow 
rakes from both Hess Deep and Pito Deep Rift study areas cannot be shown to be distinct at the 
95% confidence level. To determine if these flow rake distributions from either study area are 
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distinct from a statistically uniform set of rakes (ranging from 0° to 90°), we draw an additional 
comparison to 5000 uniform distributions of rakes each with the same number of samples as Pito 
Deep (n=32). This exercise demonstrates that distributions of flow rakes from both study areas 
are not distinct from a uniform distribution (Figure 9b). 
4.3 Petrographic analysis
 Ideally, AMS results should be confirmed with independent measurements of magma flow 
directions [e.g., Varga et al., 1998]. As macroscopic, flow-related, structural lineations (e.g. hot 
slickenlines) on dike margins were not visible on outcrop faces or block samples, we compare 
the alignment of plagioclase and opaque crystals in thin sections to the AMS V1 directions. As 
noted by Pollock et al. [2009], dike textures are generally aphanitic with fine-grained (<1 mm) 
plagioclase laths within an intergranular matrix of pyroxene and small anhedral to euhedral 
opaque crystals (Figure 10). None of the thin sections (or block samples) show any obvious or 
measurable preferred orientation of minerals; instead, they appear visually isotropic. Results 
of image analysis for full thin section scans generally indicate a wide range of Fe-Ti oxide 
(opaque) or plagioclase crystal long-axes orientations as illustrated by large standard deviation 
(±40° to 50°) of angles with respect to a reference axis (Figure 11). Sections from specimens 
with well-clustered AMS eigenvectors (mean V1 bootstrapped confidence limits <10°), and cut 
specifically to include V1 (either parallel or perpendicular to magnetic foliation), do not show 
such well-defined angles of the long-axes of crystals relative to V1 in all cases (Figure 11). In 
general, sections subparallel to the magnetic foliation (i.e. those that contain V1 and V2) show 
broad maxima in opaque crystal long-axes angles that coincide with V1. In all but one section, 
angle distributions and maxima of opaque and plagioclase long-axes are similar. From this 
analysis, these basalt dikes generally have fairly weak fabrics (no strong SPO of Fe-Ti oxide or 
plagioclase crystals) although the long-axes of these phases typically coincide with V1.
82
5. Discussion
 Dike intrusion and creation of sheeted dike complexes are hallmarks of seafloor spreading 
and are thought to show systematic relationships with respect to location of origin along a ridge 
axis. AMS results from sheeted dikes exposed at two seafloor escarpments show a wide range 
of flow lineation rakes with no preference for subhorizontal or subvertical flow. These results 
are inconsistent with simple magma supply models for fast-spreading ridges. A similar range 
of flow rakes are recorded in AMS data from the Oman and Troodos Ophiolites (Figure 12). 
Yet, ophiolite AMS data from Troodos correlate spatially with geochemical data [Staudigel et 
al., 1999], suggesting that dikes with distinct major and trace element geochemistries intrude 
in different ways. In fact, adjacent dikes at both Hess Deep and Pito Deep Rifts exhibit distinct 
geochemistry, thus originating from different magma sources, and are thought to indicate lateral 
intrusion along the fast-spreading ridge axis [Stewart et al., 2002; Pollock et al., 2009]. However, 
AMS data from sheeted dikes exposed at both seafloor escarpments do not show systematic 
relationships with available geochemical data (Figure 7). Lack of correlation between magma 
flow rake and available geochemical data implies a more complicated axial plumbing system that 
varies on time scales corresponding to the scales of observed variation (width of studied crustal 
sections represents ~60 ka, width of individual dive transect corresponds to ~3 ka). These data 
imply either ephemeral melt lenses within the AMC at different locations along the ridge axis, or 
variations in AMC properties at similar timescales in order to produce no consistent relationships 
between geochemistry and flow rakes in sheeted dikes formed at fast-spreading ridges.
5.1 Limitations
We acknowledge limitations in making inferences from these AMS data, namely 
extrapolating to other fast-spreading centers, potential seafloor sampling orientation errors, and 
relationship of AMS to silicate crystal fabric. Generalizations from these data must take into 
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consideration that 17 and 32 dikes from two seafloor escarpments may not be representative 
of a sheeted dike complex produced at different regions on the East Pacific Rise. Additionally, 
one sample location in a dike may not be adequate to determine potentially complex flow field 
of a particular dike. We also cannot exclude the fact that some dike block samples may be 
misoriented due to the submarine sampling and post-cruise reorientation procedure. However, 
considerable effort was made to reduce orientation errors during all stages of the study, and a 
majority of the paleomagnetic remanence directions show moderate clustering, especially those 
from adjacent samples collected during Alvin Dive 4081 [Horst et al., 2011]. The cause of AMS 
and its relationship to the silicate crystal fabric is important to establish in the absence of other 
magma flow indicators. High magnetic susceptibility of sheeted dikes is almost certainly due 
to low-Ti titanomagnetite content, and thus AMS is likely a consequence of either the shape 
or distribution of these ferromagnetic crystals within the core specimens. Thin section image 
analyses show that AMS V1 generally correspond to weak SPO of opaque (Fe-Ti oxide) crystals 
as well as plagioclase crystals, supporting a shape anisotropy origin of AMS. These results 
suggest that the magnetic lineation, V1, is a good approximation for mineral alignment in silicate 
crystal fabric, even in samples with relatively low percent anisotropy (<1%). If the silicate fabric 
is assumed to form and align during magma flow, then the direction of V1 can be used to infer the 
direction of magma transport.
5.2 Comparison with Ophiolite Sheeted Dike Complexes
 Sheeted dike complexes in ophiolites are thought to form within submarine extensional 
environments, and thus offer valuable comparison to these data from modern seafloor 
escarpments. Interestingly, AMS studies from both Troodos and Oman Ophiolites show a wide 
range of flow lineations [Rochette et al., 1991; Tauxe et al., 1998; Varga et al., 1998; Staudigel 
et al., 1999]. In order to compare ophiolite and seafloor escarpment dike AMS data, we use 
flow lineation rakes to place all data into a common dike plane reference. In the absence of 
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spatial or geochemical data, there appears to be no preference for subvertical or subhorizontal 
magma flow in sheeted dikes from Oman, Troodos, and seafloor escarpments (Figure 12). A 
further comparison of 5000 uniformly distributed rakes ranging from 0° to 90° with the same 
number of samples (n) demonstrates that these sheeted dike flow lineation rake populations 
cannot be discriminated from random orientations (Figure 12). The similar range of AMS flow 
lineation rakes in ophiolites and seafloor escarpments is somewhat remarkable considering 
the different sampling strategies used in these studies. However, it was noted that Oman 
dikes showed an overall tendency towards vertical flow [Rochette et al., 1991], while AMS 
data from a subset of the Troodos dikes that gave unique flow directions showed a preference 
for flow up and/or to the south, toward the Arakapas fracture zone [Tauxe et al., 1998]. The 
uniting of major and trace element geochemistry to the Troodos dike AMS dataset allowed two 
different types of dike emplacement behavior to be identified [Staudigel et al., 1999]. These 
studies of Troodos dikes demonstrate the importance of combining field relationships between 
AMS flow directions and dike margin as well as geochemistry in interpreting flow directions 
from AMS data. Unfortunately, we do not have detailed field relationship information for the 
seafloor escarpments, and flow lineation rakes show no pattern between adjacent samples or 
depth within the sheeted dike complex. In the context of linking AMS and geochemical data, 
previous geochemical studies of dikes at both Hess and Pito Deep Rifts predicted subhorizontal 
magma transport in dikes based on distinct chemistries [Stewart et al., 2002; Pollock et al., 
2009]. However, available geochemical data show no correlation with flow lineation rake 
in the dikes (Figure 7). This unexpected mismatch of magma flow and geochemistry has 
interesting implications for subaxial AMC processes at fast-spreading centers, indicating a more 
complicated generation of the sheeted dike complex than previous models suggest.
5.3 Forging Ahead: Sheeted Dike Complexes Accretion at Fast-Spreading Ridges
 A revised model for construction of the sheeted dike complex at fast- to superfast-
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spreading ridges must include all available geochemical, geophysical, and geological 
information. Geochemical data from adjacent dikes exposed in seafloor escarpments record the 
near-contemporaneous existence of multiple chemically distinct magma reservoirs chemistries 
[Stewart et al., 2002; Pollock et al., 2009], however they do not implicitly indicate the physical 
location or temporal relationships of these distinct zones of melt. Seismic data image a reflector 
interpreted as an AMC along most of the fast- to superfast-spreading EPR axis [Detrick et al., 
1987; Kent et al., 1993a,b], yet areas of inferred high melt content are discontinuous [Kent et 
al., 1993a; Hooft et al., 1997; Singh et al., 1998]. These data show melt lens  ~2 to 4 km along 
the ridge spaced ~15 to 20 km apart. Seismic data also indicate distinct melt lenses could also 
occur deeper within the low velocity zone below the AMC, or potentially farther off-axis, both 
of which are consistent with seismic data [Singh et al., 2006; Canales et al., 2012]. Potential 
sources of dikes could be shallow melt lenses within the AMC, deeper ridge-centered melt 
lenses, or off-axis melt lenses. However, in absence of relative age relationships between 
adjacent dikes exposed within the seafloor escarpments, these data are insufficient to distinguish 
between these various sources.
 Based on a simple magma supply model, magma flow directions in sheeted dikes 
should correlate with geochemistry for any given section of crust created at one location (point) 
along the EPR (Figure 1). However, no consistent relationship is observed between magma 
flow lineation rakes and available geochemical data (Figure 7). The noticeable mismatch 
between magma flow rakes and geochemistry occurs at different scales, both across the seafloor 
escarpment study areas, and within short dive transects. Crust examined along the width of Pito 
Deep Rift study areas represents ~60 ka each, while that at Hess Deep Rift represents ~450 ka 
(assuming half-spreading rates of 71 mm yr-1, and 66 mm yr-1, respectively). The same mismatch 
pattern occurs along Alvin Dive 4081 from Pito Deep Rift, where 14 adjacent dikes were 
collected across ~200 m transect. The lateral coverage on this dive represents ~3 ka, suggesting 
relatively rapid and variable injection and flow of chemically distinct magmas to construct the 
sheeted dike complex. A similar range of flow lineations from a set of adjacent dikes with the 
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same approximate lateral coverage and age estimate is also observed from dikes collected during 
Alvin Dive 3377 at Hess Deep Rift, although unfortunately, no geochemical data exist for these 
few samples. If magma flow directions in dikes project back toward their source, and these 
sheeted dike assemblages formed at specific locations along individual spreading segments, then 
the diverse directions of magma flow suggest that AMC melt lenses vary on similar timescales. 
These data imply that either melt lenses are ephemeral features and are not replenished to the 
same along-axis location, or that melt lens properties change in less than ~3 ka. At present, the 
data are insufficient to distinguish between these possibilities, although either scenario would 
indicate rather rapid changes in AMC. Thus, a revised view of construction of the sheeted dike 
complex and models of seafloor spreading at fast- to superfast-spreading ridges must include 
variable flow directions in dikes of distinct chemistries and also spatially and temporally variable 
melt lenses in the AMC (Figure 13).
6. Conclusions
1. AMS of specimens from fully-oriented block samples of basalt dikes yield statistically 
significant magnetic fabrics with magnetic lineation (V1) interpreted to reflect magma flow 
lineations.
2. Magma flow lineations show wide range with no preference for subhorizontal or subvertical 
directions across the two seafloor escarpment study areas.
3. The distributions of flow inclinations are not significantly affected by corrections for structural 
restoration.
4. Distributions of flow lineation rakes from Pito Deep Rift, Hess Deep Rift, Oman Ophiolite, 
and Troodos Ophiolite are statistically indistinguishable from each other and from modeled 
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uniform distributions of flow rakes.
5. Magma flow rakes in sheeted dikes from the two seafloor escarpments do not correlate with 
depth in the sheeted dike complex or available geochemical data.
6. These results imply nonsystematic magma plumbing systems with respect to simple segment-
scale magma flow models of fast-to superfast-spreading centers.
7. Results also imply variable spatial or magmatic properties of melt lenses within the AMC at 
fast- to superfast spreading ridges on timescales of <3 ka to <60 ka.
Acknowledgements
 The authors would like to thank the officers and crew of the R/V Atlantis and the Alvin 
and Jason II pilots, support teams, and many colleagues who participated and assisted in oriented 
sampling during Pito Deep ’05 and Hess Deep ’99 Cruises. Work was supported by NSF grants 
OCE-0222154 (Karson), OCE-0221948 (Varga), and OCE-0221948 (Gee). We are grateful to 
William Peck (Colgate University) for help with thin section scanning. Special thanks to Lisa 
Tauxe for developing the PmagPy software used to generate some plots in this paper. Additional 
thanks to Bruce Wilkinson for providing comments on an early draft and Dan Curewitz for many 
useful discussions.
References Cited
Abdallah, A., V. Courtillot, M. Kasser, A. Y. LeDaain, J. C. Lepine, B. Robineau, J. C. Ruegg, P. 
Tapponnier and A. Tarantola (1979), Relevance of Afar seismicity and volcanism to the 
mechanics of accreting plate boundaries, Nature, 282, 17-23.
88
Alt, J. C., H. Kinoshita, L. B. Stokking and e. al. (1993): Proceedings of the Ocean Drilling 
Program, Initial Reports,   148. pp., Ocean Drilling Program, College Station, TX.
Bergmanis, E. C., J. Sinton and K. H. Rubin (2007), Recent eruptive history and magma 
reservoir dynamics on the southern East Pacific Rise at 17°30’S, Geochemistry, 
Geophysics, Geosystems, 8, 12, doi:10.1029/2007GC001742.
Brandsdottir, B. and P. Einarsson (1979), Seismic activity associated with the September 
1977 deflation of Krafla Volcano in north eastern Iceland, Journal of Volcanology and 
Geothermal Research, 6, 197-212.
Canales, J. P., H. Carton, S. M. Carbotte, J. C. Mutter, M. R. Nedimovic, M. Xu, O. Aghaei, M. 
Marjanovic and K. Newman (2012), Network of off-axis melt bodies at the East Pacific 
Rise, Nature Geosciences, doi:10/1038/NGEO1377.
Cann, J. R. (1970), New model for structure of the oceanic crust Nature, 226, 928-930.
Chadwick, W. W., Jr., and R. W. Embley (1998), Graben formation associated with recent 
dike intrusions and volcanic eruptions on the mid-ocean ridge, Journal of Geophysical 
Research, 103, 9807-9825.
Constable, C. G. and L. Tauxe (1990), The bootstrap for magnetic susceptibility tensors, Journal 
of Geophysical Research, 95, 8282-8296.
Curewitz, D. and J. A. Karson (1998), Geological consequences of dike intrusion at mid-ocean 
ridge spreading centers, in Faulting and Magmatism at Mid-Ocean Ridges, edited 
by Buck, W. R., P. T. Delaney, J. A. Karson and Y. Lagabrielle, 117-136, American 
Geophysical Union, Washington, DC.
Delaney, J. R., D. S. Kelley, M. D. Lilley, D. A. Butterfield, J. A. Baross, R. W. Embley and M. 
Summit (1998), The quantum event of oceanic crustal accretion: Impacts of diking at 
mid-ocean ridges, Science, 281, 222-230.
Detrick, R. S., P. Buhl, E. Vera, J. Mutter, J. Orcutt, J. Madsen and T. Brocher (1987), 
Multichannel seismic imaging of a crustal magma chamber along the East Pacific Rise, 
Nature, 326, 35-41.
89
Detrick, R. S., A. J. Harding, G. M. Kent, J. A. Orcutt, J. C. Mutter and P. Buhl (1993), Seismic 
structure of the southern East Pacific Rise, Science, 259, 499-503.
Dunn, R. A., D. R. Toomey and S. Solomon (2000), Three-dimensional seismic structure and 
physical poperties of crust and shallow mantle beneath the East Pacific Rise, Journal of 
Geophysical Research, 105, 23537-23555.
Dziak, R. P. and C. G. Fox (1999), The January 1998 earthquake swarm at Axial Volcano, 
Juan de Fuca Ridge: Hydroacoustic evidence of seafloor volcanic activity, Geophysical 
Research Letters, 26, 3429-3432, doi:10.1029/1999GL002332.
Dziak, R. P., C. G. Fox and A. E. Schreiner (1995), The June-July 1993 seismo-acoustic event at 
CoAxial segment, Juan de Fuca Ridge: Evidence for a lateral dike injection, Geophysical 
Research Letters, 22, 135-138.
Francheteau, J., P. Patriat, J. Segoufin, R. Armijo, M. Doucoure, A. Yelles-Chaouche, J. Zukin, 
S. Calmant, D. F. Naar and R. C. Searle (1988), Pito and Orongo fracture zones: The 
northern and southern boundaries of the Easter microplate (southeast Pacific), Earth and 
Planetary Science Letters, 89, 363-374.
Gee, J. S., L. Tauxe and C. Constable (2008), AMSSpin: A labVIEW program for measuring 
the anisotropy of magnetic susceptibility with the kappabridge KLY-4S, Geochemistry 
Geophysics Geosystems, 9, doi: 2008GC0001976.
Harding, A. J., J. Orcutt, M. Kappus, E. Vera, J. Mutter, P. Buhl, R. Detrick and T. Brocher 
(1989), The structure of young oceanic crust at 13°N on the East Pacific Rise from 
expanding spread profiles, Journal of Geophysical Research, 94, 12163-12196.
Hargraves, R. B., D. Johnson and C. Y. Chan (1991), Distribution anisotropy--the cause of AMS 
in igneous rocks, Geophysical Research Letters, 18, 2193-2196.
Hayman, N. W. and J. A. Karson (2007), Faults and damage zones in fast-spread crust exposed 
on the north wall of the Hess Deep Rift: Conduits and seals in seafloor hydrothermal 
systems, Geochemistry, Geophysics, Geosystems, 8, 10, Paper number 2007GC001623.
Haymon, R. M., D. J. Fornari, M. H. Edwards, S. Carbotte, D. Wright and K. C. Macdonald 
90
(1991), Hydrothermal vent distribution along the East Pacific Rise crest (9°09’ - 54’N) 
and its relationship to magmatic and tectonic processes on fast-spreading mid-ocean 
ridges, Earth and Planetary Science Letters, 104, 513-534 
Hey, R. N., P. D. Johnson, F. Martinez, J. Korenaga, M. L. Somers, Q. J. Huggett, T. P. LeBas, R. 
I. Rusby and D. F. Naar (1995), Plate boundary reorganization at a large-offset, rapidly 
propagating rift, Nature, 378, 167-170.
Hey, R. N., D. F. Naar, M. C. Kleinrock, W. J. P. Morgan, E. Morales and J. G. Schilling (1985), 
Microplate tectonics along a superfast seafloor spreading system near Easter Island, 
Nature, 317, 320-325.
Hooft, E. E., R. S. Detrick and G. M. Kent (1997), Seismic structure and indicators of magma 
budget along the southern East Pacific Rise, Journal of Geophysical Research, 102, 
27319-27340.
Hooft, E. E., H. Schouten and R. S. Detrick (1996), Constraining crustal emplacement processes 
from the variation in seismic layer 2A thickness at the East Pacific Rise, Earth and 
Planetary Science Letters, 142, 289-309.
Horst, A. J., R. J. Varga, J. S. Gee and J. A. Karson (2011), Paleomagnetic constraints on 
deformation of superfast-spread oceanic crust exposed at Pito Deep Rift, Journal of 
Geophysical Research, doi:10.1029/2011JB008268.
Hurst, S. D., J. A. Karson and K. L. Verosub (1994), Paleomagnetic study of tilted diabase dikes 
in fast-spread oceanic crust exposed at Hess Deep, Tectonics, 13, 789-802.
Kent, G. M., A. J. Harding and J. A. Orcutt (1990), Evidence for a smaller magma chamber 
beneath the East Pacific Rise at 9°30’N, Nature, 344, 650-653.
Kent, G. M., A. J. Harding and J. A. Orcutt (1993a), Distribution of magma beneath the East 
Pacific Rise between the Clipperton transform and the 9°17’N Deval from forward 
modelling of common depth point data, Journal of Geophysical Research, 98, 13945-
13696.
Kent, G. M., A. J. Harding and J. A. Orcutt (1993b), Distribution of magma beneath the East 
91
Pacific Rise near the 9°03’N overlapping spreading center from forward modeling of 
common depth point data, Journal of Geophysical Research, 98, 8, 13,971-13,995.
Kidd, R. G. W. (1977), A model for the process of formation of the uper oceanic crust, 
Geophysical Journal of the Royal Astronomical Society, 50, 149-183.
Klein, F., R. Y. Koyanagi, J. S. Nakata and T. W. R. (1987), The seismicity of Kilauea’s magma 
system, in Volcanism in Hawaii, 2 V, U.S. Geological Survey Professional Paper, edited 
by Decker, R. W., T. L. Wright and P. H. Stauffer, 1019-1185.
Knight, M. D. and G. P. L. Walker (1988), Magma flow directions in dikes of the Koolau 
Complex, Oahu, determined from magnetic fabric studies, Journal of Geophysical 
Research, 93, 5, 4301-4319.
Langmuir, C. H., J. F. Bender and R. Batiza (1986), Petrologic and tectonic segmentation of the 
East Pacific Rise, 5°30’-14°30’N, Nature, 322, 422-426.
Lonsdale, P. (1988), Structural pattern of the Galapagos microplate and evolution of the 
Galapagos triple junctions, Journal of Geophysical Research, 93, 13551-13574.
Macdonald, K. C. (1998), Linkages between faulting, volcanism, hydrothermal activity and 
segmentation on fast spreading centers, in Faulting and Magmatism at Mid-Ocean 
Ridges, edited by Buck, W. R., P. T. Delaney, J. A. Karson and Y. Lagabrielle, 27-58, 
American Geophysical Union, Washington, DC.
Macdonald, K. C. and P. J. Fox (1988), The axial summit graben and cross-sectional shape of the 
East Pacific Rise as indicators of axial magma chambers and recent volcanic eruptions, 
Earth and Planetary Science Letters, 88, 119-131.
Macdonald, K. C., J.-C. Sempéré and P. J. Fox (1984), East Pacific Rise from Siquieros to 
Orozco Fracture Zones: Along-strike continuity of axial neovolcanic zone and structure 
and evolution of overlapping spreading centers, Journal of Geophysical Research, 89, 
6049-6069.
Moores, E. M. and F. J. Vine (1971), The Troodos massif, Cyprus, and other ophiolites as 
oceanic crust:  evaluation and implications, Philosophical Transactions of the Royal 
92
Society of London, A268, 443-466.
Naar, D. F. and R. N. Hey (1991), Tectonic evolution of the Easter Microplate, Journal of 
Geophysical Research, 96, 7961-7993.
Nicolas, A. (1989): Structure of Ophiolites and Dynamics of Oceanic Lithosphere. 367 pp., 
Kluwer Academic Press, Dordrecht, The Netherlands.
Pollock, M. A., E. M. Klein, J. A. Karson and D. S. Coleman (2009), Compositions of dikes 
and lavas from Pito Deep Rift: Implications for crustal accretion at superfast spreading 
centers, Journal of Geophysical Research, 114, B03207, 
Rochette, P. (1987), Magnetic susceptibility of the rock matrix related to magnetic fabric studies, 
Journal of Structural Geology, 9, 1015-1020.
Rochette, P., M. Jackson and C. Aubourg (1992), Rock magnetism and the interpretation of 
anisotropy of magnetic susceptibility, Reviews of Geophysics, 30, 209-226.
Rochette, P., L. Jenatton, C. Dupuy, F. Boudier and I. Rueber (1991), Diabase dike emplacement 
in the Oman ophiolite:  a magnetic fabric study with reference to geochemistry, in 
Ophiolite Genesis and Evolution of the Oceanic Lithosphere, edited by Peters, T. and R. 
G. Coleman, 55-82, Kluwer, Norwell, Mass.
Rusby, R. I. and R. C. Searle (1995), A history of the Easter microplate, 5.25 Ma to present, 
Journal of Geophysical Research, 100, 12617-12640.
Scheirer, D. S. and K. C. Macdonald (1993), Variation in cross-sectional area of the axial ridge 
along the East Pacific Rise, evidence for the magmatic budget of a fast spreading center, 
Journal of Geophysical Research, 98, 7871-7886.
Singh, S., A. J. Harding, G. M. Kent, M. Sinha, V. Combier, S. Bazin, C. Tong, J. Pye, P. Barton, 
R. Hobbs, R. S. White and J. Orcutt (2006), Seismic reflection images of the moho 
underlying melt sills at the East Pacific Rise, Nature, 442, 287-290.
Singh, S. C., G. M. Kent, J. S. Collier, A. J. Harding and J. A. Orcutt (1998), Melt to mush 
variations in crustal magma chamber properties along the ridge crest at the southern East 
Pacific Rise, Nature, 394, 874-878.
93
Sinton, J. M., E. Bergamis, K. Rubin, R. Batiza, T. K. P. Gregg, K. Gronvold, K. Macdonald 
and S. White (2002), Volcanic eruptions on mid-ocean ridges: New evidence from the 
superfast-spreading East Pacific Rise, 17°-19°S, Journal of Geophysical Research, in 
press, 
Sinton, J. M., S. M. Smaglik, J. J. Mahoney and K. C. Macdonald (1991), Magmatic processes at 
superfast spreading oceanic ridges:  Glass compositional variations along the East Pacific 
Rise, 13°-23°S, Journal of Geophysical Research, 96, 6133-6155.
Soule, S. A., J. Escartín and D. J. Fornari (2009), A record of eruption and intrusion at a fast 
spreading axis: Axial summit trough of East Pacific Rise at 9-10°N, Geochemistry, 
Geophysics, Geosystems, 10, 10, doi:10.1029/2008GC002354.
Staudigel, H., J. Gee, L. Tauxe and R. J. Varga (1992), Shallow intrusive directions of sheeted 
dikes in the Troodos ophiolite: Anisotropy of magnetic susceptibility and structural data, 
Geology, 20, 841-844.
Staudigel, H., L. Tauxe, J. Gee, P. Bogaard, J. Haspels, G. Kale, A. Leenders, P. Meijer, B. 
Swaak, M. Tuin, M. Van Soest, E. Verdurmen and A. Zevenhuizen (1999), Geochemistry 
and intrusive directions in sheeted dikes in the Troodos ophiolite:  Implications for mid-
ocean ridge spreading centers, Geochemistry, Geophysics, Geosystems, 1, 
Stephenson, A. (1994), Distribution anisotropy: two simple models for magnetic lineation and 
foliation, Physics of the Earth and Planetary Interiors, 82, 49-53.
Stewart, M. A., J. A. Karson and E. M. Klein (2005), Four-dimensional upper crustal 
construction at fast-spreading mid-ocean ridges: A perspective from an upper crustal 
cross-section a the Hess Deep Rift, Journal of Volcanology and Geothermal Research, 
144, 287-309.
Stewart, M. S., E. M. Klein and J. A. Karson (2002), The geochemistry of dikes and lavas from 
the north wall of the Hess Deep Rift: Insights into the four-dimensional character of 
crustal construction at fast-spreading mid-ocean ridges, Journal of Geophysical Research, 
107(B9), 2181, doi:10.1029/2000JB000051, 
94
Tauxe, L. (2010): Essentials of Paleomagnetism. 512 pp., University of California Press, 
Berkeley.
Tauxe, L., J. S. Gee and H. Staudigel (1998), Flow directions in dikes from anisotropy of 
magnetic susceptibility data:  the bootstrap way, Journal of Geophysical Research, 103, 
8, 17,775-17,790.
Toomey, D. R., G. M. Purdy, S. Solomon and W. Wilcox (1990), The three dimensional seismic 
velocity structure of the East Pacific Rise near latitude 9°30’N, Nature, 347, 639-644.
Uyeda, S., M. D. Fuller, J. C. Belshé and R. W. Girdler (1963), Anisotropy of magnetic 
susceptibility of rocks and minerals, Journal of Geophysical Research, 68, 1, 279-291.
Varga, R. J., J. S. Gee, H. Staudigel and L. Tauxe (1998), Dike surface lineations as magma flow 
indicators within the sheeted dike complex of the Troodos ophiolite, Cyprus, Journal of 
Geophysical Research, 103, 5241-5256.
Varga, R. J., A. J. Horst, J. S. Gee and J. A. Karson (2008), Direct evidence from anisotropy 
of magnetic susceptibility for lateral melt migration at superfast spreading centers, 
Geochemistry, Geophysics, Geosystems, 9, 8, doi:10.1029/2008GC002075.
Varga, R. J., J. A. Karson and J. S. Gee (2004), Paleomagnetic constraints on deformation 
models for uppermost oceanic crust exposed at the Hess Deep Rift: Implications for axial 
processes at the East Pacific Rise, Journal of Geophysical Research, 109, B2102, 1-22, 
doi:10.1029/2003JB002486.
Vera, E. E., P. Buhl, J. C. Mutter, A. J. Harding, J. A. Orcutt and R. S. Detrick (1990), The 
structure of 0-0.2 My old oceanic crust at 9°N in the East Pacific Rise from expanded 
spread profiles, Journal of Geophysical Research, 95, 15529-15556.
Wilson, D. S., D. A. H. Teagle, J. A. Alt, N. R. Banerjee, S. Umino, S. Miyashita, G. D. Acton, R. 
Anma, S. R. Barr, A. Belghoul, J. Carlut, L. Cristpini, S. R. Durand, F. Einaudi, L. Galli, 
Y. Gao, J. Geldmacher, L. A. Gilbert, N. W. Hayman, H. Herrero-Bervera, N. Hirano, 
S. Holter, S. Ingle, S. Jiang, U. Kalberkamp, M. Kerneklian, J. Koepke, C. Laverne, H. 
L. Lledo Vasquez, J. Maclennnan, S. Morgan, N. Neo, H. J. Nichols, S.-H. Park, M. K. 
95
Reichow, T. Sakuyama, T. Sano, R. Sandwell, B. Scheibner, C. E. Smith-Duque, S. A. 
Swift, P. Tartarotti, A. A. Tikku, M. Tominaga, E. Veloso, T. Yamasaki, S. Yamasaki and 
C. Ziegler (2006), Drilling to gabbro in intact oceanic crust, Science, 312, 1016-1020.
Table Caption
Table 1. Anisotropy of Magnetic Susceptibility Results for Dike Samples
aSample numbers are a combination of truncated dive numbers and dive times.
Kmean is the average bulk susceptibility in microSI (µSI) units.
τ1, τ2, and τ3 are maximum, intermediate, and minimum eigenvalues with sigma as 95% 
confidence bounds.
V1, V2, andV3 are maximum, intermediate, and minimum eigenvectors, respectively.
eta and zeta are semimajor and semiminor axes of 95% bootstrapped confidence ellipses.
%h is the percent anisotropy defined by 100(τ1/τ3)
Lineation (L) and Foliation (F) are defined as ratios of eigenvalues (τ1/τ2 and τ2/τ3, respectively) 
Figure Captions
Figure 1.
Schematic diagrams showing relationships of magma flow direction in sheeted dikes with 
underlying Axial Magma Chambers (AMC) based on simple magma supply models. Expanded 
insets in each diagram are cross-sections perpendicular to the ridge-axis that illustrate predicted 
magma flow directions in sheeted dike complexes formed at different locations along the ridge-
axis. Note dike widths are note shown to scale. a) Continuous AMC may generate dominantly 
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vertical magma flow in dikes along most of the ridge axis, except near the end of the AMC 
where some subhorizontal flow may occur. b) A discontinuous AMC with discrete zones of 
melt would produce primarily vertical magma flow into dikes directly above these melt lenses, 
with subhorizontal flow between the melt lenses. If melt lenses are replenished at the same 
location along a ridge-axis through time (i.e. long-lived, steady-state features), the resulting 
flow directions in sheeted dikes may correspond to location along the ridge-axis. Sheeted dikes 
created along spreading ridges with long-lived melt lenses (“segment centers”) would produce 
dominantly vertical magma flow, while areas between melt lenses (“segment ends”) would show 
a more subhorizontal component to flow. If melt lenses are not replenished in the same location 
along the ridge (c), magma flow directions in adjacent sheeted dikes may show a transition from 
subvertical to subhorizontal, or vice versa. This change may produce a systematic change in flow 
direction in adjacent dikes perpendicular to the spreading axis.
Figure 2.
Tectonic maps of the Hess Deep Rift (HDR) and the Pito Deep Rift (PDR) locations with 
respect to East Pacific Rise (EPR) and adjacent plates and microplates. Thin black lines show 
bathymetric lineaments based on Sea Beam or GLORIA data [after Lonsdale, 1988; Rusby and 
Searle, 1995], and thick red and black lines are plate boundaries. Small green rectangles show 
study areas and approximate dive transect coverages. Inset map in (a) shows locations of each 
Rift in the eastern Pacific. CP, Cocos plate; EMP, Easter Microplate; JFMP, Juan Fernandez 
Microplate.
Figure 3.
(a) Bulk magnetic susceptibility versus percent anisotropy (100(τ1- τ3)) of dike specimens from 
the Hess Deep and Pito Deep Rifts. Specimens from most dikes in both areas generally have less 
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than 1% anisotropy. Triangle symbols show Pito Deep specimens used in thin section analysis. 
(b) Flinn diagram illustrating AMS ellipsoid shape of dike specimens from both seafloor 
escarpments. Note primarily triaxial ellipsoid shape (no strong preference for more prolate- or 
oblate-type shapes) in expanded purple rectangle.
Figure 4.
Three example AMS ellipsoid shapes, (a) prolate, (b) triaxial, and (c) oblate, determined 
from cumulative distribution functions of eigenvalues, a method after Tauxe et al. (1998); 
maximum, intermediate, and minimum eigenvalues are shown in red, green, and blue, solid lines 
respectively. Dashed lines delineate 95% bootstrapped confidence intervals for corresponding 
eigenvalues. Also shown are equal-area lower hemisphere projections of eigenvectors and 95% 
bootstrapped confidence ellipses for the same dike samples using the same color scheme as with 
the corresponding eigenvalues. Gray great circle represents dike margin measured using the 
Geocompass. Only triaxial and prolate shapes are considered interpretable in this study.
Figure 5.
Equal-area lower hemisphere projections of AMS eigenvectors and corresponding 95% 
bootstrapped confidence limits show representative example AMS fabrics determined by 
comparison of eigenvectors to dike margin orientation. (a) Normal fabrics are defined by both 
maximum and intermediate eigenvectors plotting near the plane of the dike. (b) Intermediate 
fabrics are characterized by maximum and minimum eigenvectors plotting near the plane of the 
dike. (c) Inverse fabrics are distinguished by maximum eigenvectors plotting near the pole to the 
dike (see text section 3.2 for more details). Only normal fabrics are considered interpretable in 
this study, with the maximum eigenvector delineating the magma flow lineation.
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Figure 6.
Equal-area (lower-hemisphere) projections of AMS maximum eigenvectors (V1) and bootstrap 
confidence limits in geographic coordinates from dikes with normal fabrics and prolate or triaxial 
ellipsoid shapes for both Pito Deep Rift study areas A and B (a and b, respectively) and Hess 
Deep Rift (c). Dike orientations are shown as gray great circles.
Figure 7.
Plots showing variation in flow rake (°) versus (a) MgO (wt%), (b) Fe2O3, (c) TiO2, and (d) 
SiO2 for Pito and Hess Deep Rift dikes. No correlation between major element geochemistry is 
observed.
Figure 8.
Histograms show AMS V1 inclinations and rakes (angle within dike plane) before and after 
structural correction for Pito Deep Rift (a) and Hess Deep Rift (b). Inclination data, labeled 
‘unrotated’ (upper figures), are in geographic coordinates from 0° (horizontal) to 90° (vertical). 
The AMS V1 are projected onto the dike plane and the flow lineation rakes are labeled as 
‘projected’ (middle figures). These projected data are then restored to their initial orientation 
using structural rotations outlined in section 3.4, and are labeled ‘rotated’ (lower figures).
Figure 9.
Cumulative distribution functions (CDF) comparison plots of rakes of AMS V1 (angle of V1 
within the dike plane with respect to horizontal). (a) KS-Test for AMS V1 rakes from Hess Deep 
and Pito Deep Rifts, with maximum vertical deviation (D) of 0.3805 with corresponding P of 
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0.059. (b) Comparison between CDF of AMS V1 rakes from Hess and Pito Deep Rifts and CDF 
of 5000 uniform distributions of rakes from 0° to 90° with the same number of samples as Pito 
Deep Rift (n=32).
Figure 10.
a) Cropped portion of full thin section scanned image of sample 812110 yz. b) Thresholded 
image after inverting the image shown in a) to isolate plagioclase crystals. c) Ellipses fit to 
crystals shown in b) using ImageJ. Although no obvious preferred orientation is observed, this 
sample yielded the strongest fabric of any of the orthogonal thin sections analyzed.
Figure 11.
Example shape preferred orientation (SPO) data from thin section analysis showing wide range 
of angles of opaque and plagioclase long axes with maxima that broadly coincide with the AMS 
V1 directions, indicating that AMS data may be used to infer silicate crystal fabric and thus 
may be used to indicate magma flow directions. Equal-area (lower-hemisphere) projection of 
AMS eigenvectors and bootstrap confidence ellipses in specimen coordinates from dike samples 
812209, 812110, and 861740, all with normal AMS fabrics and triaxial ellipsoids shape. Symbols 
and color scheme used are the same as in Figures 4 and 5. Histograms show distribution of 
angles of long-axis of ellipses that were fit to collections of pixels in thresholded full thin section 
images used to isolate opaque oxides and plagioclase crystals. The number (n) of ellipses fit 
to the crystals in each section is noted on the plot. Dashed lines correspond to 95% confidence 
bounds of AMS eigenvectors. Note the general weak SPO in most sections (large standard 
deviation of angles), except in the yz section of sample 812110 that parallels the magnetic 
foliation with angle maxima similar to V1.
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Figure 12.
Cumulative distribution function (CDF) comparison plots of AMS V1 rakes (angle of V1 within 
the dike plane with respect to horizontal) from Pito Deep Rift, Hess Deep Rift, Oman Ophiolite 
(data from Rochette et al., 1991), and Troodos Ophiolite (data from Staudigel et al., 1999). Gray 
shaded region corresponds to area containing CDFs of 5000 uniform distributions of rakes from 
0° to 90°, each with the same number of samples as Pito Deep Rift (n=32).
Figure 13.
Revised schematic diagrams showing relationships of magma flow direction in sheeted 
dikes with underlying Axial Magma Chambers (AMC) based on lack of correlation between 
flow direction and geochemistry. Expanded insets in each diagram illustrate cross-sections 
perpendicular to the ridge-axis of sheeted dike complexes formed at different locations along the 
ridge-axis. Note dike widths not shown to scale. a) A discontinuous AMC with a discrete zone 
of melt may produce more subvertical magma flow into dikes directly above the melt lenses, 
with more subhorizontal flow between the melt lenses. However, at a later time, the melt lens 
in (a) becomes depleted in melt percentage and the AMC is replenished at adjacent locations 
along a ridge-axis (b). The end product at any location along the ridge axis shows a range of flow 
directions in adjacent sheeted dikes that do not correlate with different geochemistry of source 
magma (different hues of blue). Although a transition zone from shallow to steep flow directions 
was predicted for changing along-axis location of melt lenses (Figure 1c), this would only occur 
if changes in melt lenses were gradual, occurring over long periods of time and flow direction in 

























































































































































































































































































































































































(+y) (-y)(+z)(+x) (-x)(+z)(+x) (-x)(+y)
(+y) (-y)(+z)(+x) (-x)(+z)(+x) (-x)(+y)
n = 2609 n = 2163 n = 2253
n = 21026n = 9898n = 10249
(+y) (-y)(+z)(+x) (-x)(+z)(+x) (-x)(+y)
(+y) (-y)(+z)(+x) (-x)(+z)(+x) (-x)(+y)
n = 9019 n = 1992
n = 1657
n = 16214
n = 11523n = 21990
(+y) (-y)(+z)(+x) (-x)(+z)(+x) (-x)(+y)
(+y) (-y)(+z)(+x) (-x)(+z)(+x) (-x)(+y)
n = 3636 n = 3890 n = 5679
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Abstract
Uppermost crustal deformation near oceanic transform faults is typically based on bathymetric 
lineaments and earthquake focal mechanisms and, as a result, relatively little is known about 
the detailed kinematics. A broad zone of transform-related shearing deformation is partly 
exposed on land in northern Iceland that provides the opportunity to study associated shallow-
level crustal kinematics. Structural curvature of lava and dike orientations near this major 
transform zone in north Iceland is of controversial origin. Either the curvature is a result of 
construction in a varying stress field near the transform (primary), or related to transform shear 
deformation (secondary). In order to develop a kinematic assessment of deformation in the 
Tjörnes Fracture Zone, 175 paleomagnetic sites were collected, largely within 4 focused areas 
across Flateyjarskagi Peninsula. Stable remanence directions isolated from stepwise thermal 
and alternating field demagnetization of both lava and dike samples indicate the presence of 
magnetite and in some cases hematite carriers. Positive reversals test indicate a stable remanence 
acquired prior to structural development. Progressive clockwise increase in area mean remanence 
declinations over 10 km south of the main offshore Húsavík-Flatey Fault Zone broadly mimics 
the structural curvature of both lavas and dikes across Flateyjarskagi. Solid angles between area 
mean directions and an area mean ~22 km south of the fault zone, increase from 20.4°±5.7°, to 
32.4°±16.1°, to 45.8°±5.5° with proximity to the fault zone. These values represent a minimum 
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amount of rotation assuming a stable reference in this most distal area, where only slight tilting 
toward the SW has likely occurred. Another estimate of vertical-axis rotation (R±ΔR) based 
solely on differences in declination range from 49.3°±6.6°, to 70.6°±11.9°, to 88.3°±7.0°. 
These data suggest significant clockwise rotation of multiple individual crustal blocks since 
their construction between 8 to 13 Ma. Distributions of site mean locations do not permit 
distinction of a unique model for crustal deformation; however, the paleomagnetic data and field 
relationships are suggestive of a modified bookshelf model. Comparable amounts of apparent 
rotation of bathymetric lineaments are documented at some oceanic transform faults, suggesting 
a similar style of shallow crustal deformation also occurs in these settings.
1. Introduction
 Although oceanic transform faults represent geometrically simple plate boundary 
linkages between offset mid-ocean ridge spreading centers, little is known of the style of 
deformation along these plate boundaries. These transform faults exhibit a wide range of 
morphotectonic features, with strike-slip deformation commonly accommodated within zones 
typically 5-10 km wide [Fox and Gallo, 1984; Kastens et al., 1986; Searle, 1986]. The transform 
domain generally comprises a linear valley with features interpreted as braided fault systems 
with flanking transverse ridges that may occur on one or both sides. However, details of how the 
oceanic crust accommodates transform deformation are not well resolved. This is partly due to 
scarcity of outcrops on the seafloor near transform faults and fracture zones. Where present, the 
transform valley walls show numerous small normal faults and no evidence for strike-slip motion 
[Francheteau et al., 1976; OTTER Team, 1985]. Since most of the outcrops are covered in talus 
and/or pelagic sediment, much of the study of transform faults has been through lineament 
analysis and earthquake focal mechanisms. In particular, curved lineaments and oblique fractures 
are common on the seafloor adjacent to transforms, yet the kinematic details associated with 
these features cannot be determined from remote sensing techniques alone.
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 In some cases, evidence for distributed deformation near transform faults, such as curved 
lineaments, occurs over larger areas up to 20 km away [Grindlay et al., 1991; Grindlay and 
Fox, 1993; Sonder and Pockalny, 1999; Croon et al., 2010]. These abyssal hills lineaments are 
topographic highs that are probably bounded by faults and are generally oriented approximately 
parallel to the spreading axis. Since these hills are thought to form perpendicular to the minimum 
compressive stress, similar to dikes intruded below the surface, they can be used as indicators 
of changes in the stress field near transforms or as strain markers during transform deformation. 
These lineaments may deviate from typical ridge-parallel trends at ridge-transform intersections 
(Figure 1), and commonly show trends that curve into the transform fault [Crane, 1976; 
Lonsdale, 1977; Fox and Gallo, 1984; Fornari et al., 1989; Croon et al., 2010]. This J-shaped 
curvature is generally explained as a result of the transition between the extensional environment 
along the ridge axis to the shearing regime along the transform fault [Fox and Gallo, 1984]. 
These hook-shaped features persist along the active portions of some transform faults, and are 
also preserved away from the dynamic plate boundary within transform fracture zones. Along 
some parts of transform faults, lineaments curve in the opposite direction, in an anti-J-shaped 
sense [Sonder and Pockalny, 1999; Croon et al., 2010]. Anti-J-shaped lineaments are interpreted 
to indicate shortening and increased coupling across a transform fault due to changes in far-
field stresses that result in distributed deformation away from the transform fault [Tucholke and 
Schouten, 1988; Sonder and Pockalny, 1999]. When combined with a detailed plate motion 
model, the occurrences of J-shaped and anti-J-shaped lineaments are well correlated to specific 
changes in the direction of plate motion [Croon et al., 2010]. Although anti-J-shaped lineaments 
are associated with distributed deformation due to coupling across a transform fault, mechanisms 
linked with detailed kinematics that accommodate this distributed deformation are not reported.
 Several deformation mechanisms have been proposed to explain lineament patterns near 
oceanic transform fault zones as well as continental shear zones (Figure 2). In oceanic settings, 
where preexisting mechanical anisotropy caused by faults at a large angle to the transform fault 
plays an important role, a common interpretation is a bookshelf faulting model [e.g., Wetzel et 
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al., 1993]. In this model, crustal blocks with originally ridge-parallel faults are rotated in the 
shear zones as they slip along the preexisting faults that are reactivated in an antithetic sense 
to the overall shear couple. Bookshelf faulting is a likely model for distributed deformation in 
oceanic crust because preexisting faults, fractures, and dikes comprising rift-parallel uppermost 
crustal fabric impart parallel zones of weaknesses [Phipps Morgan and Kleinrock, 1991]. 
This bookshelf faulting model is generally consistent with observed lineament orientations, 
earthquake distributions and focal mechanisms [Cowan et al., 1986; Kleinrock and Hey, 1989; 
Phipps Morgan and Kleinrock, 1991; Wetzel et al., 1993]. A similar bookshelf mechanism has 
also been invoked to explain both structural curvature and paleomagnetic data supporting large 
rotations of crustal blocks near continental transform faults [Freund, 1974; Luyendyk et al., 
1980; Nur et al., 1986; Mandl, 1987]. It is possible that the distributed deformation associated 
with curved lineaments, anti-J-shaped, observed near other oceanic transforms is accommodated 
by a similar bookshelf faulting mechanism, however, the kinematic details of the deformation in 
these zones is difficult to assess from lineament analysis and earthquake focal mechanisms alone. 
In some cases, the bookshelf model is associated with propagating rifts and microplates, that 
result in lateral translation or migration of the transform fault zones as one rift propagates at the 
expense of another [Hey et al., 1980; Karson, 1986; Kleinrock and Hey, 1989; Phipps Morgan 
and Kleinrock, 1991]. Mechanically, it is more favorable for rift-parallel faults to lengthen by the 
increment of propagation rather than break new intact rock the length of the transform. [Phipps 
Morgan and Kleinrock, 1991]. In these cases, rift propagation requires the formation of a new 
transform fault in relatively older lithosphere that may be far a preexisting transform fault. Thus 
crustal deformation associated with propagating rifts may occur in lithosphere with parallel, 
rather than curved, crustal spreading fabric (Figure 1).
 In northern Iceland, subaerial spreading in the Northern Volcanic Zone is linked to the 
Kolbeinsey Ridge by a major transform system, the Tjörnes Fracture Zone. A main transform 
fault segment is located along the northern coastline of the Flateyjarskagi Peninsula, providing 
an opportunity to study the structure and kinematics of deformation of uppermost oceanic-
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crust along a major transform fault. In this paper, we present paleomagnetic data from basalt 
lavas and dikes from numerous sites across the Flateyjarskagi Peninsula to test the origin of 
structural curvature and assess proposed deformation mechanisms. Paleomagnetic sites are 
primarily located in four focused study areas (coherent blocks) adjacent to the major offshore 
Húsavík-Flatey Fault Zone and with increasing distance away from the fault zone to assess 
directional data consistency and distinguish between different deformational models. These data 
have direct bearing on the interpretation of structural curvature within the zone of deformation 
adjacent to major oceanic transforms, and important implications on the tectonic evolution 
of northern Iceland. Additionally, these data have specific implications for previous estimates 
and interpretations of the paleostress field in the Tjörnes Fracture Zone [Bergerat et al., 1990; 
Bergerat et al., 2000; Garcia et al., 2002; Homberg et al., 2010]. These data also offer a unique 
analog for details of deformation accommodated within migrating transform zones, transform 
faults associated with propagating rifts and microplates that may be similar to those in modern 
oceans.
2. Tectonic Setting 
2.1 Subaerial Spreading Systems in Iceland
 The plate boundary across Iceland is distinctly different than other parts of the Mid-
Atlantic Ridge system due to the pronounced effect of the Iceland ‘hotspot’ or mantle plume 
[Sæmundsson, 1979; Einarsson, 2008]. In general, the plate boundary in Iceland marks an overall 
shift of the Mid-Atlantic Ridge to the east, as defined primarily by four active rift zones and two 
transform zones. From south to north, the submarine Reykjanes Ridge continues on land as the 
Reykjanes Peninsula and Western Volcanic Zone. This rift zone is offset and overlapping with 
the Eastern Volcanic Zone. Overall left-lateral shearing between the two zones is accommodated 
within the South Iceland Seismic Zone, a narrow (20 km N-S) ~60 km wide E-W-trending 
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transform zone marked by distinct N-S-trending arrays of en-echelon surface fractures and 
earthquake swarms. The N-S-trending faults are thought to be normal faults that are reactivated 
as right-lateral faults that rotate as deformation proceeds, thus defining a bookshelf faulting 
model for south Iceland [Einarsson and Eirícksson, 1982; Einarsson, 1991]. The spreading axis 
continues to the north of the Eastern Volcanic Zone as a series of en echelon volcanic systems 
within the Northern Volcanic Zone (Figure 3). The boundary then steps to the left to connect with 
the offshore, submarine Kolbeinsey Ridge. Distributed shearing deformation within the Tjörnes 
Fracture Zone accommodates the overall right-lateral displacement along this plate boundary. 
 The tectonic evolution of Iceland has largely been controlled by the interaction 
between rifting of the Mid-Atlantic Ridge and the upwelling Iceland ‘hotspot’ or mantle plume 
[Sæmundsson, 1979]. This interaction results in an unstable plate boundary that has caused the 
Icelandic rift zone to relocate at least two or three times throughout the last 15 Ma [Hardarson 
et al., 1997]. Through time, the rift zone tends to migrate northwestward with respect to the 
underlying hotspot, resulting in progressive southeastward relocation of the spreading axes in 
order for the rift zone to remain above the hotspot magmatic source [Pálmason and Sæmundsson, 
1974; Sæmundsson, 1974, 1979; Jancin et al., 1985; Hardarson et al., 1997]. The mechanism 
of rift relocation is debated, however in general it is considered to take place by discrete rift 
jumps on land [Hardarson et al., 1997], whereas evidence for propagation exists both onshore in 
south Iceland and offshore south of Iceland. GPS data show partitioned spreading rate variations 
between the overlapping volcanic zones in southern Iceland that are consistent with deactivation 
of the Western Volcanic Zone and southward propagation of the Eastern Volcanic Zone 
[LaFemina et al., 2005]. Within the uncertainties of the GPS data, they also show no evidence for 
internal deformation of the Hreppar block between the overlapping Western and Eastern Volcanic 
Zones that also supports a rigid block or microplate model within the propagating rift system 
[LaFemina et al., 2005]. Further south offshore, submarine asymmetric V-shaped ridges along 
the Reykjanes Ridge are consistent with ridge propagation [Hey et al., 2010; Benediktsdóttir et 
al., 2012]. In northern Iceland, the currently active Northern Volcanic Zone is thought to have 
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formed between 7 to 8.5 Ma as the most recent eastward relocation and reorganization of the 
spreading axes [Jancin et al., 1985; Garcia et al., 2003]. The formation of the Northern Volcanic 
Zone to the east of the northward continuation of the Mid-Atlantic Ridge (Kolbeinsey Ridge 
offshore) resulted in a large region of transform deformation between the left-stepping offset rift 
zones referred to as the Tjörnes Fracture Zone [Sæmundsson, 1974].
2.2 Tjörnes Fracture Zone
2.2.1 Overview of features
 
 The Tjörnes Fracture Zone is a broad region of deformation thought to have formed ~7 
Ma to accommodate right-lateral transform shearing between the Northern Volcanic Zone of 
Iceland and the Kolbeinsey Ridge offshore [Ward, 1971; Sæmundsson, 1974]. The transform 
zone is approximately 150 km E-W and 75 km N-S and includes major NW-SE-striking fault 
zones and left-stepping en echelon N-S bathymetric troughs (or grabens) and volcanic fissure 
swarms [McMaster et al., 1977]. Based on the seismicity, most of the deformation in the Tjörnes 
Fracture Zone occurs offshore north of Iceland along the Grímsey Oblique Rift and Húsavík-
Flatey Fault Zones (Figure 3a). Seismic activity shows that right-lateral motion between these 
offset rifts is mostly accommodated along two main NW-striking zones, the Húsavík-Flatey 
Fault Zone and the Grímsey Oblique Rift zone [Einarsson, 1991, 2008]. The Grímsey Oblique 
Rift appears to consist of four left-stepping, en-echelon, N/S-trending volcanic systems, similar 
to those in the Northern Volcanic Zone [Brandsdóttir et al., 2003]. The Húsavík-Flatey Fault 
Zone is thought to be the main structure of the Tjörnes Fracture Zone [Rögnvaldsson et al., 
1998], and it can be traced continuously over 75 km W/NW from the Northern Volcanic Zone to 
the southernmost amagmatic graben extension of Kolbeinsey Ridge. A third and southernmost 
NW-trending seismic zone, the Dalvík Lineament [Einarsson, 1991], is thought to represent 
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the southern margin of a weak zone where the southern tips of N-S striking faults terminate 
[Stefansson et al., 2008]. Earthquake focal mechanisms indicate two nodal planes; one NW/
SE striking plane and one NE/SW-striking plane [Einarsson, 1987], consistent with dextral slip 
on major NW-striking faults or sinistral slip on N/NE-striking faults expected for a bookshelf 
faulting mechanism. Neither the Húsavík-Flatey Fault Zone nor the Grímsey Oblique Rift are 
orthogonal to Kolbeinsey Ridge or the Northern Volcanic Zone, and based on the current plate 
motion direction (~106°) [DeMets et al., 2010], the Tjörnes Fracture Zone is transtensional.
2.2.2 Characteristic features on land
 Deformation associated with Tjörnes Fracture Zone is partly exposed on land on the 
peninsulas of Flateyjarskagi and Tjörnes. Glaciated exposures provide the opportunity to study 
shallow (~1 to 1.5 km deep) crustal structure near the Húsavík-Flatey Fault Zone, and numerous 
studies of the on land exposures have been conducted [Sæmundsson, 1974; Jancin et al., 1985; 
Young et al., 1985; Fjäder et al., 1994; Långbacka and Gudmundsson, 1995]. Available K/
Ar whole-rock geochronologic data indicate a range of Miocene-age volcanics from 11.9±1.2 
to 8.9±0.8 Ma across northern Flateyjarskagi, unconformably overlain by lavas younger than 
6.3±0.2 Ma in the eastern portion of the peninsula [Jancin et al., 1985]. The older sequence of 
basalt lavas have gentle (≤12°) S/SW dips in southern Flateyjarskagi becoming progressively 
steeper to the north with dips greater than 40° to NW near the north coast [Young et al., 1985]. 
Near the middle of the peninsula, nearly horizontal lavas can be traced to the east where 
they then increase in dip to more than 30° SE within the Dalsmynni flexure zone below the 
unconformity [Young et al., 1985]. The overall structural geometry of the Miocene-age lavas 
in Flateyjarskagi approximates a S/SW-trending and shallowly plunging antiform. Younger, 
mostly Pliocene-age lavas above the unconformity have gentle dips typically less than 10° E/SE 
[Young et al., 1985]. One of the major structural elements revealed from detailed field mapping 
and measurements is a pronounced curved pattern of both lava and dike strikes on the peninsula 
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of Flateyjarskagi (Figures 3b and 3c). From south to north on Flateyjarskagi, a progressive 
clockwise-curvature of lava strikes and increasing dip magnitudes is observed over an 11-km 
wide zone as one approaches the Húsavík-Flatey Fault located ~1 km off the north coast [Young 
et al., 1985]. A similar progressive clockwise-curvature of dike strikes from approximately N/S 
(010°) to nearly parallel to the Húsavík-Flatey Fault (~110°) [Young et al., 1985]. The origin and 
interpretation of this structural curvature is the subject of debate in the literature [Gudmundsson 
and Fjäder, 1995; Jancin et al., 1995]. In one view, the progressive clockwise change in dike and 
lava orientations (strike) was interpreted to signify heterogeneous shear strain to accommodate 
transform deformation up to ~10 km south of the Húsavík-Flatey Fault Zone [Young et al., 
1985]. Thus the change in dike and lava orientations was due to structural rotations of up to 90 
to 110° and regarded as a secondary feature. Alternatively, the curvature of these features could 
be related to the initial orientation of the stress field during their formation, and thus a primary 
feature with only a narrow zone (~2 km) of deformation adjacent to the Húsavík-Flatey Fault 
Zone [Fjäder et al., 1994].
 Measurements of lava and dike orientations across Flateyjarskagi reconfirm the curvature 
occurs on land over at least a 10 km area south of the Húsavík-Flatey Fault. Most measurements 
are made predominantly within four focused study areas at different distances from the Húsavík-
Flatey Fault Zone. The Mosahnjúkur area is approximately 6.5 km south of the fault zone and 
has average lava and dike orientations of 214°/33° NW and 110°/75° SW, respectively. Further 
south, at ~8.5 km, in the Pverá area, lavas and dikes have average orientations of 203/°29° 
NW and 302°/82° NE, respectively. At around 12 km, the Gil area has average lava and dike 
orientations that are 180°/22° W and 035°/69° SE, respectively. While in the area just north of 
Grenivík, approximately 22 km south, average lava orientations are 120°/12° SW whereas dikes 
have an average orientation of 008°/90°. Solid angles between lava and dike poles in each area 
are all nearly 90° apart, indicating nearly orthogonal lavas and dikes.
 Faults are common throughout the entire peninsula of Flateyjarskagi (Figure 4), yet their 
occurrence and density both increase with proximity to the Húsavík-Flatey Fault. Faults strike 
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N-S to NNE-SSW in the southern part of the peninsula, and change to NE-SW to the north. As 
noted by others, northernmost outcrops on the Flateyjarskagi peninsula show extensive faulting 
and fracturing [Young et al., 1985; Fjäder et al., 1994; Bergerat et al., 2000]. The major 3-5-km-
wide damage zone consists of large-scale faults with cataclasite to fault gouge parallel to the 
trend of the Húsavík-Flatey Fault (~295°) and numerous small-scale faults. The fault sets of 
various orientations separate screens or panels of closely fractured lavas and dikes meters to 
tens of meters across. The southern boundary of the main damage zone is not clear and may be 
gradational. Further south away from the Húsavík-Flatey Fault Zone, the deformation is much 
less intense and more focused into discrete fault zones of varying orientations. Numerous faults 
are parallel to the Húsavík-Flatey Fault and also predominantly NNE/SSW-striking left-lateral-
oblique-slip faults separate coherent crustal blocks with relatively little internal deformation. 
In some cases, sections of lava are very coherent over distances of several hundred meters to 
a few kilometers as they exhibit similar orientations and no evidence of significant internal 
deformation. Where observed, slip on minor faults is on the order of a few meters, whereas 
slip estimates are not available for larger fault zones. However, overall estimates of total 
displacement on Húsavík-Flatey Faults vary from between 20 km [Young et al., 1985] to 60 km 
[Sæmundsson, 1974].
3. Method
 Paleomagnetic remanence data from the Tjörnes Fracture Zone were collected for over 
1200 oriented core samples from 175 sites distributed across the Flateyjarskagi Peninsula 
in northern Iceland. Most sites are located within one of four main study areas, 39 sites near 
Mosahnjúkur (~6.5 km south of Húsavík-Flatey Fault Zone), 18 sites near Pverá (~8.2 km 
south of Húsavík-Flatey Fault Zone), 45 sites near Gil (~11.9 km south of Húsavík-Flatey Fault 
Zone), and 40 sites north of Grenivík (~22.4 km south of Húsavík-Flatey Fault Zone), while the 
remaining 33 sites are primarily located within a few km of the northern Flateyjarskagi coastline 
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(Figure 4 and Table 1). At each field site, typically 8 standard 2.5 cm diameter core samples were 
drilled from either a basalt lava or dike using a gasoline powered drill. All samples were oriented 
with magnetic compass, and when conditions were favorable, some cores were also oriented 
with a sun compass. Comparison of the two orientation methods indicate no significant bias in 
the magnetic compass orientations, and corrections to specimen azimuths based on sun compass 
readings are consistent with a magnetic declination nearly identical to the IGRF declination at 
the site (-16°).
 Paleomagnetic remanence measurements and demagnetization were conducted 
on a 2G Enterprises cryogenic magnetometer in a shielded room at Scripps Institution of 
Oceanography. Specimens from each site were progressively demagnetized using thermal or 
alternating field (AF) techniques through a complete spectrum of demagnetization levels. For 
AF demagnetization experiments, specimen remanent magnetization was measured following 
applied field magnitudes of 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, 100, 120, 150, 180 mT. 
Thermal demagnetization was performed in 14 (or 19) steps: 100°C, 150°C, 200°C, 250°C, 
300°C, 350°C, 400°C, 450°C, 475°C, 500°C, 520°C, 540°C, 560°C, 580°C, (600°C, 620°C, 
640°C, 660°C, 680°C). Magnetization components were determined by principal component 
analysis [Kirschvink, 1980] using at least four or more steps with maximum angular deviation 
(MAD) <10°. Mean directions for each site were calculated from characteristic remanent 
magnetization (ChRM) directions of specimens based on Fisher statistics [Fisher, 1953]. 
Bootstrapped site mean directions were used to calculate mean directions at the study area 
level [Tauxe et al., 1991]. A bootstrap test for common mean directions [Tauxe, 2010] was 
implemented for reversals tests, comparison of area mean directions to an expected direction 





 Arithmetic mean natural remanent magnetization (NRM) intensities of lavas and dikes 
measured in this study is 5.1 Am-1 (geometric mean = 2.7 Am-1), with dike NRM values generally 
higher than lavas. A majority of paleomagnetic remanence data from lava and dike specimens 
revealed high-stability, dominantly single-component remanences (ChRM) with average 
maximum angular deviation (MAD) <3.5°, after removal of minor overprints typically by 15 
mT or 200°C (Figure 5). Unblocking occurs over a wide range of temperatures with maximum 
unblocking temperatures invariably between 500° to 580°C, suggesting remanence carried by 
low-Ti titanomagnetite. Few specimens exhibited a higher unblocking temperature (580°C to 
680°C) hematite component typically nearly parallel to the highest unblocking temperature 
magnetite component. The median destructive field (MDF’), or the alternating field that reduces 
the vector difference sum of remanence to half its initial value, was calculated as a metric for 
specimen stability. In an analogous manner, the median destructive temperature (MDT’) was 
calculated for thermally demagnetized specimens. Lavas and dikes typically have moderate 
stability with a mean MDF’ of 29 mT and mean MDT’ of 355 °C.
 Although most specimens were well behaved and revealed simple, linear components, 
some dike and a very few lava specimens showed more complicated multiple component 
remanences. These few specimens were excluded from the Fisher mean calculation at the site 
due to partial to nearly complete overlap between unblocking temperature spectra that precluded 
isolation of a stable component using a linear-fit. In some sites, specimens from dikes showed 
antipodal components over a range of different partially overlapping unblocking temperature 
spectra (Figure 6). In these cases, the highest unblocking temperature component is regarded 
as the stable characteristic remanent magnetization. Only few specimens from lavas and dikes 
were excluded from the Fisher mean calculated for each site. These excluded specimens typically 
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exhibited one of the following behaviors: directions from AF demagnetization that significantly 
differ from those isolated by thermal demagnetization; overlapping coervicity spectra that 
precluded isolation of a linear characteristic remanent magnetization. 
 Site mean directions are well determined with 86% of sites having α95 < 10° (Figure 7 
and Table1). A majority of site means are based on ChRM of at least 5 specimens, with only 
nine sites having n=4. In total, only twelve site mean paleomagnetic directions were rejected 
due to inability to determine a reliable or significant mean direction. Sites that yielded unreliable 
or imprecise results largely fall into two categories: either some specimens were unstably 
magnetized (more than 1 specimen per site), or all specimens were stable but drastically 
discordant in direction with very large 95% confidence limits. We use an arbitrary cutoff of α95 > 
15°.
 Mean positive and negative inclination paleomagnetic remanence directions pass a 
bootstrap reversal test in each focused study area indicating that the antipodal directions are 
consistent with normal and reverse polarities, respectively. Directions interpreted as reverse 
polarity are flipped to their antipodes, and bootstrapped site mean directions are calculated for 
each study area mean (Table2). Within each of the focused study areas, bootstrapped site mean 
directions are tightly constrained with relatively low major (η95) and minor (ζ,95) semi-angles of 
95% confidence (Figure 7 and Table 2). 
4.2 Comparing estimated directions
 When only confidence limits of (bootstrapped) mean directions overlap, additional 
statistical tests are required to determine whether two estimated paleomagnetic remanence 
directions are distinct. A bootstrap test for common mean directions [Tauxe, 2010] shows that 
all four focus study area mean directions are each distinguishable from that expected direction 
from a geocentric axial dipole (GAD) field in North Iceland (Dec = 000°/Inc = 77.5°). Solid 
angles between area mean remanence directions and the Iceland expected GAD direction are 
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largest for areas closest to the Húsavík-Flatey Fault Zone, Mosahnjúkur (45.8°±5.5°), and 
Pverá (36.5°±16.1°), and smaller further from the fault zone, Gil (26.1°±5.7°) and Grenivík 
(9.4°±7.8°). Employing a similar bootstrap test for common mean directions between different 
areas shows that Mosahnjúkur area mean direction is distinct from both Gil and Grenivík area 
mean directions at the 95% confidence level, while Gil is also distinct from Grenivík. Pverá area 
has the largest scatter and uncertainty in its mean direction, and is thus not distinct from the other 
area means, however there are fewer sites in that area and perhaps it is undersampled. Two dikes 
sampled in that area have directions that are very different from the rest of the lava section, and 
their discordant directions also contribute to greater dispersion.
 Other angular relationships between area mean magnetic remanence directions and 
various poles to average structural features are also useful, particularly as any linear feature will 
trace out a continuous curved path during general progressive heterogeneous simple shear strain. 
Solid angles between the average lava pole and mean remanence direction from each area are 
all slightly less than the 12.5° expected angle calculated between the North Iceland GAD field 
direction and a vertical lava pole corresponding to an initially horizontal lava orientation. Angles 
between the area mean remanence directions and both average dike poles and the intersection 
line between average lava and dike planes are all approximately 90°.
5. Discussion
 Statistically distinct mean paleomagnetic remanence directions from four main study 
areas across Flateyjarskagi suggest differential structural rotations of crustal blocks adjacent to 
the Húsavík-Flatey Fault Zone. The progressive clockwise deflection of remanence declinations 
(Figure 8) mimics the clockwise curvature of lava and dike orientations, defining part of the 
rotational kinematic history in the Tjörnes Fracture Zone and supporting a heterogeneous simple 
shear model. However, restoring these directions back to their expected initial orientation is a 
difficult task due to complex tectonic history associated with major transform faults. Accurate 
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interpretations of the rotations and deformation rely heavily on the combination of paleomagnetic 
data and structural field relationships. Reliability of paleomagnetism to determine structural 
rotations depends on at least four main assumptions: (1) that the time-averaged geomagnetic field 
is closely approximated by that of a geocentric axial dipole (GAD), (2) that the remanence was 
acquired over sufficient time to average secular variation, (3) that observed stable remanence 
directions predate structural rotations, (4) little internal deformation of each lava and dike 
results in a constant angle between the remanence vector and the pole to the igneous unit during 
deformation. After reviewing these assumptions, various estimates of rotation are explored 
before an assessment of deformation mechanisms and discussion of potential implications for 
other oceanic transforms.
5.1 Assumptions
5.1.1 Establishing an Expected Reference Direction
 The approximation of Earth’s geomagnetic field as that due to a dipole at Earth’s center 
and aligned with the spin-axis is intensely employed in tectonic studies. Most studies interested 
in time-averaged field geometry and temporal variations concentrate on the last 0 to 5 Ma 
and these studies broadly support the GAD hypothesis [see McElhinny and McFadden, 1997; 
Johnson and McFadden, 2007]. Although the lavas and dikes in this study are thought to be older 
(between ~8 to 13 Ma) than those typically sampled in these time-averaged field studies, the 
GAD hypothesis may still be a valid approach. Another estimation of the expected paleodirection 
can be calculated from the master apparent polar wander path for a 20 Myr sliding window every 
10 Myr from Besse and Courtillot [2002]. The declination and inclination calculated from 20 
and 10 Myr are not significantly different from the expected GAD direction. An alternative is to 
determine other possible expected directions based on calculations from previous paleomagnetic 
studies of similar age lavas elsewhere in Iceland. Caution is exercised in this brief comparison 
as many previous studies had different objectives and used more sparse sampling strategies 
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than those typically used today. The most temporally (~9 to 12 Ma lavas) and spatially relevant 
paleomagnetic study was conducted on Tröllaskagi peninsula just west of Flateyjarskagi 
[Sæmundsson et al., 1980]. The mean tilt-corrected remanence directions for normal (D = 20.0°, 
I = 74.4°, α95 = 3.1, n = 226) and reverse (D = 209.4°, I = -75.0°, α95 = 3.6, n = 171) polarities 
have slightly clockwise (so-called “right-handed”) declinations [Sæmundsson et al., 1980 
supplementary data]. The tilt-correction used was only a few degrees (2°-7°) to account for a 
slight southward dip of the lavas [Sæmundsson et al., 1980]. After flipping reverse directions to 
their antipodes, a recalculated combined mean direction (D = 23.9°, I = 74.7°, α95 = 2.3, n = 397) 
is also slightly clockwise from the expected GAD direction. This direction is similar to the in 
situ Grenivík area mean remanence direction determined in this study (D = 22.7°, I = 70.3°, η95 
= 7.8°, ζ,95 = 4.6°, n = 34) after flipping reverse directions to their antipodes. Thus the Grenivík 
area mean remanence is used as a reference direction.
5.1.2 Causes of Scatter and Estimates of Dispersion 
 Paleosecular variation must be accounted for in any structural or tectonic application 
of paleomagnetism. Scatter in paleomagnetic directional data may be due to uncertainty in: 1) 
sample orientation, 2) measurements caused by instrument noise or sample alignment errors, 3) 
geomagnetic secular variation, or 4) variable tectonic rotations. Uncertainties in 1) and 2) are 
thought to be relatively low as evidenced from relatively small α95 calculated for each site mean. 
Unfortunately, we cannot directly exclude the influence of variable tectonic rotation on scatter 
and any asymmetry in the distribution of site mean directions. Instead, we briefly assess and 
discuss scatter expected from geomagnetic source below.
 Dispersion of geomagnetic field directions due to paleosecular variation can be estimated 
directly from other paleomagnetic directional datasets of similar age (such as that from 
Sæmundsson et al., 1980) or from paleosecular variation models, such as TK03 [Tauxe and 
Kent, 2004]. Overall mean remanence directions from lavas on Tröllskagi are well determined 
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with α95 < 5°, however CSD values (which do not depend on number of samples (n)) are ~25° 
[After Sæmundsson et al., 1980 supplementary data]. Higher CSD values suggests significant 
scatter, although it is important to note that both determination of individual specimen ChRM 
and calculation of Fisher mean site directions (based on n=2, 3, or 4) are quite different than 
present-day procedures, and may contribute to this large scatter. Fisher mean calculations of 
several sets of directions (each with n=20) generated from TK03 field model at the equivalent 
latitude of Iceland sites (~66.1° N), indicate a range of α95 (3.2° to 8.1°) and CSD (8.0° to 
19.6°) values. Although the paleomagnetic directions from different areas in this study are not 
necessarily Fisher distributed, CSD values are more closely within the range found during the 
TK03 exercise. This signifies that it is likely that secular variation was successfully averaged 
by combining directions from adjacent lavas and dikes in each of the four areas of this study. 
Although the exact time duration required to sufficiently average secular variation is not known, 
the presence of both polarities recorded in lavas from each area support the notion that area 
means represent enough time to successfully average secular variation.
5.1.3 Remanence Stability and Origin
 Additional assumptions must be made regarding the stability and longevity of remanent 
magnetization in these samples. High-temperature unblocking likely indicates primary 
thermoremanent magnetization. Directions are not significantly affected by low-temperature 
alteration related to hydrothermal alteration or burial. Removal of low temperature (≤ 200°C) 
or low coercivity (≤15 mT) overprints supports that the remaining univectorial remanence that 
decays to the origin, is of primary origin. Where present, hematite remanence directions are 
essentially parallel to the highest unblocking temperature low-Ti titanomagnetite directions, 
supporting primary acquisition of thermoremanent magnetization at high-temperature. Lastly, the 
presence of antipodal site mean directions in each area is interpreted as polarity reversals sustains 
that these lavas and dikes have retained primary magnetizations since their formation.
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5.1.4 Internal Deformation of Sampled Igneous Units
 In all sites, except those most proximal to the Húsavík-Flatey Fault Zone, lavas and 
dikes show no evidence of significant internal deformation, such as slip along cooling joints or 
other pervasive faulting and fracturing within the units. The igneous contacts of lavas and dikes 
can generally be traced for several 10s of meters over which the samples were collected. Only 
sites near the north coast of Flateyjarskagi may show internal deformation as they are within 
the highly deformed damage zone that may be a southern splay of the Húsavík-Flatey Fault 
partly exposed on land. This internal deformation may partly account for the generally high α95 
calculated for sites within this zone.
5.2 Rotation Estimates
 Area mean paleomagnetic remanence directions are distinct from the GAD expected 
direction and also the Grenivík area mean direction reference that suggests some structural 
rotations have taken place. Paleomagnetic declinations from each of the four main study areas 
show clockwise increase with proximity to the Húsavík-Flatey Fault. Distinct remanence 
directions between adjacent areas suggest that slip has occurred between these different crustal 
blocks. The amount of rotation is dependent on the reference direction and method employed. 
Several estimates of total rotation of crustal blocks are based on basic methods of tectonic 
analysis assuming the Grenivík area mean as the expected reference direction. One estimate 
of the minimum total amount of rotation is the solid angle between the area mean remanence 
directions and Grenivík area reference directions. Solid angles are 20.3°±5.7°, 32.4°±16.1°, and 
43.4°±5.5° for Gil, Pverá, and Mosahnjúkur areas, respectively. These angles and associated 
bootstrapped 95% confidence limits represent the minimum amount of rotation necessary to 
restore the remanence directions to the reference direction. Restorations to the GAD direction 
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are between 2° to 6° greater than these estimates. Another estimate may be provided by a 
simple tilt-correction, however this standard rotation about the strike of the lavas may produce 
considerable error in estimating the remanence declination [MacDonald, 1980]. Nonetheless, 
it is a worthwhile exercise, at least for areas that have not experienced multiple deformational 
events or different styles of deformation throughout their history. After simple tilt correction, 
the Grenivík area mean remanence direction (D = 11.9°, I = 82.9°) is indistinguishable from 
the GAD expected direction. However, area mean directions from the other three areas 
(Mosahnjúkur, Pverá, and Gil) that are closer to the Húsavík-Flatey Fault Zone are distinct from 
the expected direction at the 95% confidence level, suggesting that some additional rotation is 
required. The tilt-corrected declinations of each area are 30.1° for Gil, to 64.9° for Pverá, and 
72.3° for Mosahnjúkur. The differences in declination from the tilt-corrected Grenivík mean 
illustrate a progressive clockwise change of 18° to 60°, from south to north approaching the 
fault zone. This residual declination difference suggests that differing amounts of clockwise 
vertical-axis rotation have affected the region up to approximately 12 km south of the fault zone. 
Alternatively, a different reverse sequence of vertical and horizontal-axis rotations could also 
produce the remanence and structural orientations. As mentioned above, horizontal-axis rotations 
can produce significant declination anomalies that may be incorrectly interpreted as vertical-axis 
rotations [MacDonald, 1980].
 Using an alternative method of analyzing vertical-axis rotations from paleomagnetic 
data [Demarest, 1983; Beck et al., 1986], three of the focused study areas show statistically 
distinct vertical-axis rotations. Calculated amounts of vertical-axis rotation (R±ΔR of Demarest, 
1983) for Gil, Pverá, and Mosahnjúkur areas using bootstrapped mean directions and the 
larger 95% uncertainty (either η95 or ζ,95) relative to Grenivík as the expected direction were 
49.3°±6.6°, 70.6°±11.9°, and 88.3°±7.0°, respectively. Flattening of inclinations (F±ΔF of 
Demarest, 1983) were found to be 7.6°±6.6°, 14.3°±11.9°, and 20.4°±7.0° for Gil, Pverá, and 
Mosahnjúkur, respectively. These amounts of flattening likely reflect some amount of tilting, 
rather than interpreted as latitudinal movement. Although this measure of inclination flattening 
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exhibits a progressive increase (i.e., more shallow) with proximity to the Húsavík-Flatey Fault 
Zone, the amounts are consistently less than the average dip of lavas in each area. Since purely 
vertical-axis rotations would not produce any change in inclinations, it is likely that at least 
some component of the rotation was about an inclined axis. The predominance of oblique 
left-lateral slip on N/NE-striking faults across the northern part of the peninsula also supports 
the interpretation of an inclined rotation axis. The best-fit inclined rotation axis and rotation 
magnitude is that which restores both remanence mean direction and pole to structural features 
to expected orientations. In this case, again data from Grenivík area are used as the initial 
orientation. An inclined-axis rotation of ~61°±7.0° (about 193°/62° axis) at Mosahnjúkur, while 
a rotation of ~35°±11.9°,  (about 196°/40°) at Pverá, and ~22°±6.6°,  (about 189°/41°) at Gil 
restores the mean remanences and lava poles to near the Grenivík reference directions.
5.3 Structural Rotation Models
 Distinguishing between various proposed mechanisms that accommodate distributed 
transform deformation requires integration of both structural and paleomagnetic data and 
field geological relationships. To distinguish between these different models, it is necessary 
to determine the size of blocks, the nature of their boundaries, and whether these blocks do in 
fact behave in a rigid manner. As with most other studies, it is typically difficult to quantify and 
document these various block characteristics. However it is possible to estimate these values 
based on areal consistency of field and paleomagnetic evidence. The similarity of paleomagnetic 
directions and lava orientations within each of the four focused study areas supports that data 
from each area represent small rigid blocks with little internal deformation. Generally consistent 
remanence directions from adjacent paleomagnetic sites across northern Flateyjarskagi parallel to 
the fault zone trend (Figure 8), suggest blocks could be up to a few kilometers across. However, 
differences in paleomagnetic directions and orientations of lavas and dikes among the four main 
study areas indicate that rigid blocks do not span the entire shear zone area (≥10 km away from 
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Húsavík-Flatey Fault), and blocks are rotating independently. Consistent clockwise deflection 
of both paleomagnetic declinations and field structures indicate a deformation mechanism that 
includes increasing block rotation toward the Húsavík-Flatey Fault Zone. Although the deck of 
cards model accommodates shearing on multiple transform-parallel fault planes (Figure 2b), 
this model can be excluded as it does not incorporate rotation of individual crustal blocks. One 
model that does account for rotation is by a pervasive and continuous heterogeneous simple 
shear mechanism (Figure 2c). However, the lack of pervasive recrystallization combined with the 
extensive brittle faults in a variety of orientations observed at these shallow crustal depths (1 to 
1.5 km) indicates that this type of model does not represent the best approximation for describing 
distributed deformation near the Húsavík-Flatey Fault Zone. Both the simple bookshelf model  
(Figure 2d) and small blocks with variable internal rotation model (Figure 2e) include extensive 
faulting across the entire shear zone and are considered more accurate approximations. Although 
these data and characteristics are consistent with either of these models, they do not permit a 
unique model for crustal deformation without more detailed fault kinematic data. Without these 
additional detailed fault data, regional geologic relationships and available data are suggestive of 
a modified bookshelf model that may evolve toward a small block with variable rotations model 
(Figure 9).
 Large rotations of crustal blocks near transform fault zones have long been determined 
by paleomagnetic analysis [Luyendyk et al., 1980; Bonhommet et al., 1988]. Most studies 
are focused on the more accessible continental transform fault zones [Luyendyk et al., 1980], 
however few studies have attempted to analyze deformation and quantify potential rotations 
near oceanic transforms [Bonhommet et al., 1988; Morris et al., 1990; MacLeod and Murton, 
1993]. Field geologic relationships combined with paleomagnetic analyses of dikes near the 
Arakapas Transform Fault Zone in the Troodos Ophiolite documented increasing deformation 
and progressive rotation approaching the Arakapas Transform [Bonhommet et al., 1988; Morris 
et al., 1990; MacLeod and Murton, 1993]. Although no mechanism has been proposed to explain 
the rotations near the Arakapas Transform, many studies of other oceanic transform zones and 
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and Eirícksson, 1982; Cowan et al., 1986; Kleinrock and Hey, 1989; Phipps Morgan and 
Kleinrock, 1991; Wetzel et al., 1993]. In the case of northern Flateyjarskagi, it is possible that 
the predominant N/NE-striking oblique sinistral slip faults are reactivated rift-parallel normal 
faults that generally fit the bookshelf model. However, paleomagnetic remanence directions 
are not consistent between sites perpendicular to the Húsavík-Flatey Fault Zone, implying that 
the bookshelf model is not applicable at the scale of the entire deforming region on land (>10 
km2). It seems likely that that the area of the crustal blocks decreases with proximity to the 
major transform zone, and thus blocks are much smaller (only a few km across) than the scale 
of the deformation zone (10s km). Although the data are not sufficient to directly disprove the 
bookshelf model, it is suggested that perhaps a modified bookshelf model is more appropriate. 
The modified model is a combination of a bookshelf model and small block model with variable 
internal deformation (Figure 9). In this modified bookshelf model, individual crustal blocks 
began deformation by a bookshelf mechanism. As deformation proceeds and rotations approach 
the theoretical rotation limit by one set of faults of ~40° to 45° [Nur et al., 1986], then a new 
set of faults must form to accommodate the further rotation. The deformation mechanism 
then becomes more akin to the small block model where each crustal blocks may rotate 
independently, giving rise to slightly different rotational kinematics of each block. It is plausible 
that the deformation across Flateyjarskagi peninsula began similar to a bookshelf mechanism 
that modified with to a small block model with variable internal rotations. Although the dominant 
faults observed in northern Flateyjarskagi are N/NE-striking left-lateral and oblique faults, NW-
striking faults and faults many other orientations are also found, with no consistent cross-cutting 
relationships. As rotations determined by paleomagnetic analysis in northern Flateyjarskagi 
approach the ~40° to 45° limit, more than one generation of faults must accommodate the large 
rotations adjacent to the Húsavík-Flatey Fault Zone.
 All estimates of approximately vertical-axis rotations are significantly less than the 
90° to 110° of clockwise rotation suggested to affect the region [Young et al., 1985]. However 
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these initial estimates were based primarily on the change in strikes of dikes as representative 
passive markers during heterogeneous simple shear [Young et al., 1985]. Even though dikes 
are assumed to be initially parallel to the rift axis in extensional environments, variability in 
their original orientations can be due to local stress field perturbations (J-shaped curvature), or 
previous strain accommodated (anti-J-shaped curvature) near a transform fault (Figure 1). Dikes 
can also be intruded later throughout the deformation and can thus have a range of orientations. 
Later dike intrusion is a likely situation as the Tjörnes Fracture Zone region has recently been 
under transtension, and either dike intrusion and/or normal faulting can accommodate extension 
perpendicular to the major transform fault zones. A range of relationships between remanence 
directions and dike orientations are observed, although most dikes near the fault zone are 
nearly parallel to the zone and yield remanence directions that are distinct from the expected 
GAD direction. Many of these dikes have nearly parallel or antipodal directions to adjacent 
lavas (where present), suggesting that they were intruded early in the history prior to any major 
structural development or tilting. However, it is a futile exercise to interpret single site mean 
directions from dikes given the combination of a steep expected GAD field inclination, large 
geomagnetic dispersion expected, and rotations about approximately vertical-axes. It is worth 
noting that consistent non-parallelism of lava and dike strikes was also observed in the structure 
in Eastern Iceland, [Walker, 1974]. Even though no transform zone is thought to have existed in 
that area, dikes consistently make an angle of ~30° (clockwise) with lava strikes. Likewise across 
Flateyjarskagi in northern Iceland, dikes have strikes that are consistently clockwise (>30°) to the 
lavas. This suggests that the lava section into which these dikes were intruded was not exactly 
parallel to the rift zone from which these dikes emanated. Although this may seem to suggest that 
dikes may have been intruded much later, average dike orientations in each of the Flateyjarskagi 
study areas are nearly orthogonal to the lavas suggesting that they were intruded prior to any 
significant structural development.
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5.4 Implications for Oceanic Transform Faults
 The analysis of transform deformation in oceanic-like crust of north Iceland supports 
a modified bookshelf mechanism and small block model with variable rotation between the 
blocks. Although not all transform faults are exactly the same, they do share similar general 
characteristics that will strongly influence the behavior of oceanic crust during deformation. As 
previously mentioned, rift-parallel faults, fractures, and igneous intrusions commonly formed 
at oceanic ridges and subaerial rifts impart mechanical weaknesses in the uppermost crust. As 
shearing deformation proceeds, it is more favorable to reactivate and lengthen these preexisting 
faults than to create a new fault [Phipps Morgan and Kleinrock, 1991]. This bookshelf faulting 
mechanism is commonly thought to operate within propagating rift systems, and may be 
associated with anti-J-shaped abyssal hill curvatures observed near some transform faults. 
Increased distributed deformation associated with the formation of anti-J-shaped bathymetric 
lineations can be correlated with changes in relative plate motion that give rise to increased 
coupling across the transform [Croon et al., 2010]. The bookshelf model is feasible to account 
for the formation of anti-J-shaped curvatures. However, the bookshelf mechanism can only allow 
up to 40° or 45° of rotation, until it is favorable to break a new set of faults to accommodate 
larger block rotations [Nur et al., 1986]. Maximum anti-J-shaped deflections relative to regional 
abyssal hill trends at Pacific-Antarctic ridge-transform intersections varied between 22° and 
63° [Croon et al., 2010]. Anti-J-shaped lineations near the Clipperton transform along the East 
Pacific Rise deviate by as much as 15° to 20°, although the abyssal hills are difficult to locate 
within 8 to 10 km of the transform due to later deformation [Sonder and Pockalny, 1999]. 
Lineament-bounded blocks with consistent orientations with respect to the Sovanco Fracture 
Zone along the Juan de Fuca Ridge are hypothesized to rotate approximately 30° [Cowan et 
al., 1986]. Based on this comparison, it is likely that other oceanic transform faults may deform 
by bookshelf mechanisms until slip on reactivated rift-parallel faults is no longer favorable. 
We speculate that new faults will form to accommodate larger block rotations as deformation 
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continues and these systems may evolve in a similar way to that exemplified by the transform 
zone in north Iceland. To the extent that this is true, this implies a potential for larger magnitude 
earthquakes associated with breaking new faults at oceanic transforms where block rotations are 
near the upper limit of rotations permissible by one set of initially rift-parallel faults. However, 
the complex history of transform faults not only includes shortening associated with increased 
coupling, but also involves extension across transforms. Mechanical faulting or magmatic 
intrusions may accommodate extension that occurs at transtensional transform faults. As 
transforms change from transpressional (shortening) to transtensional (extending), the formation 
of anti-J-shaped curvatures by bookshelf faulting may be followed by separation of crustal 
blocks as the deformation mechanism approaches a small block model with variable internal 
rotation. This change may explain the complex deformation in the Tjörnes Fracture Zone of 
north Iceland and complicated lineament patterns near many oceanic transforms.
6. Conclusions
Mean paleomagnetic remanence directions from Mid-Late Miocene basalt lavas and dikes are 
distinct from expected direction from a geocentric axial dipole implying post-emplacement 
tectonic rotation.
Area mean remanence directions indicate large clockwise rotations (43.4°±5.5° to 61°±7.0°) of 
crustal blocks up to 6 km south of the Húsavík-Flatey Fault.
Paleomagnetic data support a structural model with progressive rotation towards the Húsavík-
Flatey Fault Zone. 
These data are consistent with a modified bookshelf model that may evolve toward a smaller 
block model with variable internal deformation to accommodate deformation in the migrating 
147
transform zone.
Block rotations have important implications for interpretations from numerous studies examining 
paleostress directions in the Tjörnes Fracture Zone.
Deformation within the Tjörnes Fracture Zone may be analogous to that of other transform faults 
in modern oceanic crust and ophiolites.
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Table Captions
Table 1. Paleomagnetic Results  From Flateyjarskagi Peninsula, North Iceland 
Dec and Inc are declination and inclination, respectively.
N/Nt is number of cores measured (Nt) versus number used in final site mean calculation (N).
Rock Type: lava (L) or dike (D)
Table 2. Bootstrapped Area Mean Paleomagnetic Data
Dec and Inc are declination and inclination, respectively.
N/Nt is number of sites used in area mean calculation over the total sites in each area.




Figure 1. Schematic map-view diagrams of ridge-transform-ridge intersections that show 
different abyssal hill curvatures [After Sonder and Pockalny, 1999; Croon et al., 2010]. J-shaped 
curvatures are primary (stress-related) features thought to form due to the transition between 
ridge and transform stress fields (a), whereas anti-J-shaped curvatures secondary (strain-related) 
features formed due to increased coupling across the transform (b). In addition, the zone of 
transform deformation migrates and becomes more distributed and complicated during ridge 
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propagation (c).
Figure 2. Models of deformation mechanisms that accommodate distributed deformation due to 
simple shear near transform faults [After Nelson and Jones, 1987]. a) Undeformed domain with 
observed paleomagnetic declination (red arrow) and reference declination (black dashed line); b) 
shearing on faults parallel to the main shear zone with no rotation; c) pervasive, continuous bulk 
simple shear; d) bookshelf faulting model consisting of block rotation with internal antithetic 
shear; e) small block model with variable, internal rotation. 
Figure 3. Maps illustrating seismic activity in Tjörnes Fracture Zone of North Iceland (a), lava 
(b) and dike (c) orientations on Flateyjarskagi Peninsula. (a) Seismicity occurs primarily within 
two NW/SE-trending zones north of Iceland within the broad region of deformation called the 
Tjörnes Fracture Zone. Red dashed lines show trends of three main structural features: Grímsey 
Oblique Rift (GOR), Húsavík-Flatey Fault (HFF), and Dalvík Lineament (DL). Black dashed 
line is Kolbeinsey Ridge (KR). Yellow swaths show locations of active volcanic systems within 
the Northern Volcanic Zone (NVZ). Additional labels are peninsulas of Flateyjarskagi (FL), 
Tjörnes (TJ), and Tröllaskagi (TR). Small inset map shows location of Tjörnes Fracture Zone 
(TFZ) in North Iceland and locations of other active plate boundary zones: Reykjanes Peninsula 
(RP), Western Volcanic Zone (WVZ), South Iceland Seismic Zone (SISZ), Eastern Volcanic 
Zone (EVZ), and Northern Volcanic Zone (NVZ). Maps b) and c) show the clockwise curvature 
of lava (thin purple lines) and dike (orange lines) strikes, respectively, with proximity to the 
Húsavík-Flatey Fault (red dashed line) zone offshore [After Young et al., 1985].
Figure 4. Map showing location of paleomagnetic sites on peninsula of Flateyjarskagi, primarily 
within four focused study areas: Mosahnjúkur (mo), Pverá (pv), Gil (gi), and Grenivík (gr). 
Inferred faults after Young et al. [1985]. Symbols are listed in the legend.
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Figure 5.Typical alternating field and thermal demagnetization behavior, indicating the 
dominance of single components of magnetization following the removal of minor overprints. 
Solid (open) circles are the horizontal (vertical) projections. Diagrams a), b), e), and g) are from 
lava specimens while c), d), and f) are from dikes.
Figure 6. Examples of multicomponent magnetizations revealed during stepwise thermal 
demagnetization. In such cases, the component with the highest unblocking temperature was 
selected as the characteristic remanence direction of the specimen. Same projection as figure 5.
Figure 7. Equal-area, lower-hemisphere projection stereonets of paleomagnetic remanence 
directions for all reliable sites in each study area across Flateyjarskagi: a) Mosahnjúkur, b) 
Pverá, c) Gil, and d) Grenivík. Site mean remanence directions and corresponding α95 confidence 
ellipse (left) and area mean directions (center) determined from bootstrap of site mean directions 
after flipping reverse directions to antipodes. Tilt-corrected bootstrapped mean directions for 
each of the four study areas are also shown (right). Filled (open) circles plotted in lower (upper) 
hemisphere. Filled (open) star represents geocentric axial dipole expected direction at ~66° 
N for normal (reverse) polarity. Great circles indicate average lava (purple) and dike (orange) 
orientations. Bootstrapped area mean remanence directions from the three northernmost areas are 
distinct from the expected direction at the 95% level of confidence, suggesting some rotations 
have occurred.
Figure 8. Plots illustrating change in remanence directions with proximity to Húsavík-Flatey 
Fault Zone. a) Paleomagnetic data overlain on map showing location of paleomagnetic sites on 
peninsula of Flateyjarskagi. Equal-area, lower-hemisphere projection stereonets show Fisher 
mean remanence directions and α95 confidence ellipse for sites near within a few km of the 
north coast. Bootstrapped area mean remanence directions for each of the four study areas 
(Mosahnjúkur (mo), Pverá (pv), Gil (gi), and Grenivík (gr). Map and symbols same as in Figure 
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4. b) Plot of tilt-corrected paleomagnetic remanence declinations vs. distance from Húsavík-
Flatey Fault Zone. Also shown are tilt-corrected bootstrapped mean directions for each of 
the four study areas, and the average strikes of dikes for each area. This plot generally shows 
progressive clockwise increase in average declination with proximity to the transform fault zone.
Figure 9. Progressive shearing by bookshelf mechanism may change through time toward a 
small block rotation model with variable internal deformation. Initially rift-parallel normal faults 
are reactivated and rotated clockwise during shearing until it becomes mechanically unfavorable 
to continue to slip on this set of faults. A new set of faults is formed to accommodate further 
shearing and rotation along the transform. As deformation proceeds, this bookshelf-type model 
may become more like the small blocks with variable internal deformation model. This model 
would produce discordant paleomagnetic declinations perpendicular to the transform fault zone, 
and a range of fault orientations between blocks. This general sequence may be expected near 
other oceanic transforms to accommodate transform shearing. Black dashed lines show expected 


































































































































































Site Dec Inc N/Nt k α95 csd
fw001 164.3 60.4 11/12 44 6.6 12.2
fw002 147.3 72.5 12/12 113 4.1 7.6
fw003 178.2 79.8 6/6 68 8.2 9.9
fw004 293.1 84.1 7/7 43 9.3 12.3
fw005 343.5 -49.3 5/7 142 6.4 6.8
fw006 139.9 49.0 7/8 39 9.8 13.0
fw007 129.6 55.5 8/8 139 4.7 6.9
fw008 unstable rejected
fw009 147.5 53.4 9/9 192 3.7 5.8
fe001 102.6 46.9 7/7 424 2.9 3.9
fe002 105.2 40.1 6/7 117 6.2 7.5
fe003 225.9 -66.5 5/5 91 8.1 8.5
fe004 243.3 -68.7 7/7 25 12.4 16.3
fe005 109.8 60.3 7/7 31 11.0 14.5
fe006 91.9 51.0 5/5 175 5.8 6.1
fe007 259.7 -67.6 4/4 1295 2.6 2.3
fe008 284.5 -65.9 8/8 225 3.7 5.4
fe009 298.6 47.9 5/5 101 7.6 8.1
fe010 275.8 27.1 7/7 68 7.4 9.8
yg001 146.0 47.4 5/5 170 5.9 6.2
yg002 144.0 44.2 5/5 252 4.8 5.1
yg003 126.4 50.1 6/6 167 5.2 6.3
yg004 143.4 33.9 5/5 329 4.2 4.5
yg005 138.7 44.7 6/6 46 10.0 12.0
mo001 296.1 -56.8 4/4 46 13.7 11.9
mo002 302.8 -42.5 6/6 205 4.7 5.7
mo003 90.8 69.7 5/5 81 8.6 9.0
mo004 unstable rejected
mo005 274.4 -52.8 4/5 21 20.7 rejected
mo006 123.9 33.3 5/5 827 2.7 2.8
mo007 111.2 47.6 5/5 397 3.8 4.1
mo008 100.7 47.5 5/5 496 3.4 3.6
mo009 76.6 48.4 5/5 1889 1.8 1.9
mo010 115.2 42.6 5/5 1652 1.9 2
mo011 293.3 -46.1 5/5 607 3.1 3.3
mo012 302.2 -45.7 5/5 692 2.9 3.1
mo013 124.2 24.9 5/5 240 5.0 5.2
mo014 86.2 63.4 5/5 401 3.8 4.0
mo015 112.8 56.9 5/5 209 5.3 5.6
mo016 108.1 48.7 5/5 357 4.1 4.3
mo017 99.0 54.0 8/8 23 11.7 16.7
mo018 91.6 37.1 5/5 84 8.4 8.8
mo019 120.7 54.6 5/5 134 6.6 7.0
mo020 78.3 57.9 5/5 855 2.6 2.8
mo021 109.3 47.1 5/5 1483 2.0 2.1
mo022 111.1 57.7 6/6 64 8.4 10.1
mo023 115.4 45.4 6/6 61 8.7 10.4
mo024 106.5 57.4 5/5 241 4.9 5.2
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mo025 99.6 49.0 5/5 444 3.6 3.8
mo026 94.9 58.2 5/5 1846 1.8 1.9
mo027 100.7 60.3 5/5 110 7.3 7.7
mo028 120.5 54.5 5/5 222 5.1 5.4
mo029 86.8 55.4 5/5 1057 2.4 2.5
mo030 78.1 54.7 5/5 314 4.3 4.6
mo031 122.4 56.2 5/5 142 6.4 6.8
mo032 111.3 49.8 5/5 291 4.5 4.7
mo033 113.4 45.5 5/5 251 4.8 5.1
mo034 287.6 -37.9 5/5 326 4.2 4.5
mo035 271.5 -31.1 5/5 608 3.1 3.3
mo036 304.3 -37.6 5/5 715 2.9 3.0
mo037 27.4 -8.8 5/5 147 6.3 6.7
mo038 304.3 -39.5 5/5 3793 1.2 1.3
mo039 305.9 -36.5 5/5 1178 2.2 2.4
hf001 290.4 -35.3 5/5 555 3.2 3.4
hf002 308.1 -43.2 5/5 633 3.0 3.2
hf003 105.5 49.6 7/8 144 5.1 6.8
hf004 309.5 -41.2 7/7 156 4.9 6.5
hf005 293.1 -29.1 4/8 30 17.0 rejected
hf006 115.1 69.9 5/5 97 7.8 8.2
hf007 93.1 56.4 5/5 414 3.8 4.0
hf008 260.3 35.2 9/10 27 10.2 15.7
hf009 121.2 57.3 5/5 220 5.2 5.5
pv001 294.7 -35.2 6/6 61 8.7 10.4
pv002 55.7 68.7 6/6 51 9.4 11.3
pv003 26.3 66.2 6/6 66 8.3 10.0
pv004 82.9 49.8 5/5 691 2.9 3.1
pv005 81.9 51.9 5/5 285 4.5 4.8
pv006 96.3 59.6 5/5 69 9.3 9.7
pv007 123.5 -67.4 5/5 184 5.7 6.0
pv008 123.3 -69.2 5/5 611 3.1 3.3
pv009 61.8 50.9 6/6 58 8.9 10.6
pv010 321.2 -42.0 5/5 114 7.2 7.6
pv011 277.9 -48.5 5/5 226 5.1 5.4
pv012 310.1 -0.5 6/6 403 3.3 4.0
pv013 86.2 43.2 5/5 397 3.8 4.1
pv014 82.6 40.2 5/5 178 5.7 6.1
pv015 100.5 38.2 5/5 1581 1.9 2.0
pv016 61.8 65.0 5/5 425 3.7 3.9
pv017 305.9 -35.1 5/5 132 6.7 7.0
pv018 85.5 45.7 6/6 538 2.9 3.5
gi001 unstable rejected
gi002 86.4 63.4 5/5 78 8.7 9.2
gi003 79.0 62.0 5/5 179 5.7 6.1
gi004 68.7 48.7 6/7 110 6.4 7.7
gi005 58.2 55.2 8/9 37 9.2 13.3
gi006 61.9 62.6 5/5 545 3.3 3.5
gi007 133.6 66.4 6/6 113 6.3 7.6
168
gi008 280.7 -35.6 7/8 187 4.4 5.9
gi009 260.2 -54.9 6/8 726 2.5 3.0
gi010 50.7 61.4 4/4 288 5.4 4.8
gi011 76.0 73.9 5/6 142 6.4 6.8
gi012 103.0 61.2 5/5 278 4.6 4.9
gi013 277.6 -33.2 6/6 168 5.2 6.3
gi014 75.4 48.4 5/5 335 4.2 4.4
gi015 104.7 63.5 5/5 317 4.3 4.5
gi016 263.5 -56.4 6/6 729 2.5 3.0
gi017 266.3 -51.7 5/5 1749 1.8 1.9
gi018 283.7 -30.9 5/5 1685 1.9 2.0
gi019 203.4 -70.3 5/5 473 3.5 3.7
gi020 31.1 78.0 5/5 109 7.4 7.8
gi021 240.0 -58.2 5/5 189 5.6 5.9
gi022 46.8 76.4 3/5 71 14.8 9.6
gi023 250.0 -57.6 3/5 663 4.8 rejected
gi024 96.8 69.6 5/5 122 7.0 7.3
gi025 38.2 75.5 5/6 35 13.1 13.7
gi026 34.8 75.5 5/5 2754 1.5 1.5
gi027 184.0 -71.9 5/6 761 2.8 2.9
gi028 71.6 63.0 5/5 389 3.9 4.1
gi029 311.1 75.9 5/6 595 3.1 3.3
gi030 42.1 65.4 5/5 540 3.3 3.5
gi031 28.7 69.9 5/5 322 4.3 4.5
gi032 34.1 61.6 4/5 73 10.8 9.5
gi033 252.1 -78.2 5/5 75 8.9 9.3
gi034 258.6 -72.4 5/5 130 6.7 7.1
gi035 274.9 -59.6 5/5 804 2.7 2.9
gi036 265.4 -42.6 5/5 2229 1.6 1.7
gi037 275.5 -54.3 5/5 170 5.9 6.2
gi038 263.7 -52.3 6/6 253 4.2 5.1
gi039 229.4 -54.0 5/5 544 3.3 3.5
gi040 229.4 -58.3 5/5 169 5.9 6.2
gi041 248.5 -59.6 5/5 1239 2.2 2.3
gi042 254.0 -58.7 6/7 83 7.4 8.9
gi043 231.5 -60.3 5/5 282 4.6 4.8
gi044 260.6 -53.8 6/7 52 9.4 11.2
gi045 219.7 -70.2 5/5 1035 2.4 2.5
gr001 207.8 88.4 5/5 569 3.2 3.4
gr002 59.2 73.8 5/5 477 3.5 3.7
gr003 349.8 74.9 6/6 15 18.2 rejected
gr004 64.0 75.8 5/5 1942 1.7 1.8
gr005 94.8 84.1 6/6 95 6.9 8.3
gr006 309.8 -81.8 5/5 764 2.8 2.9
gr007 125.1 68.5 5/5 771 2.8 2.9
gr008 221.7 -73.2 5/5 204 5.4 5.7
gr009 210.3 -72.0 5/5 1887 1.8 1.9
gr010 51.2 72.6 5/5 1106 2.3 2.4
gr011 17.1 75.9 5/5 825 2.7 2.8
169
gr012 57.4 73.5 7/7 35 10.3 13.6
gr013 273.8 -78.9 7/7 71 7.2 9.6
gr014 9.8 59.9 5/5 372 4.0 4.2
gr015 52.5 74.3 6/6 34 11.6 13.9
gr016 55.2 61.2 4/6 35 15.9 rejected
gr017 197.6 -63.2 5/6 155 6.2 6.5
gr018 185.0 -63.3 5/6 171 5.9 6.2
gr019 190.8 -46.0 5/6 57 10.2 10.7
gr020 36.7 52.8 5/5 136 6.6 6.9
gr021 148.1 47.7 8/8 4 34.5 rejected
gr022 35.9 47.6 4/4 41 14.5 12.6
gr023 199.3 -63.7 5/5 237 5.0 5.3
gr024 44.6 63.5 6/6 53 9.3 11.1
gr025 12.3 64.5 5/5 362 4.0 4.3
gr026 128.4 77.9 4/4 11 28.6 rejected
gr027 186.0 -49.4 5/5 58 10.1 10.6
gr028 137.4 -63.6 5/5 4030 1.2 1.3
gr029 87.0 59.5 6/6 36 11.3 13.5
gr030 129.3 -59.1 5/5 83 8.5 8.9
gr031 161.6 -4.7 5/5 1254 2.2 2.3
gr032 244.2 -67.7 5/5 3012 1.4 1.5
gr033 169.5 -38.3 5/5 449 3.6 3.8
gr034 310.6 74.1 5/5 42 11.9 12.5
gr035 3.1 54.0 5/5 339 4.2 4.4
gr036 unstable rejected
gr037 1.9 79.0 6/6 76 7.7 9.3
gr038 53.4 74.3 5/5 474 3.5 3.7
gr039 64.7 68.3 5/5 1925 1.7 1.8
gr040 299.5 -16.9 5/6 3 52.6 rejected
170
Rock Type Strike Dip Dip Direction Latitude Longitude
D 105 80 SW 66.116922 -17.886494
D 45 70 SE 66.116856 -17.886308
D 50 70 SE 66.116558 -17.885394
D 165 65 SW 66.132414 -17.893067
D 155 82 SW 66.133194 -17.892364
D 130 50 SW 66.134264 -17.895303
D 100 80 SW 66.142811 -17.922022
D 75 85 SE 66.144108 -17.925331
D 115 65 SW 66.116286 -17.884447
D 282 83 NE 66.105111 -17.856278
D 274 89 NE 66.106444 -17.857167
D 4 78 SE 66.106611 -17.860417
D 20 80 SE 66.111944 -17.886639
D 106 88 SW 66.105694 -17.862000
D 103 84 SW 66.105500 -17.861528
L 191 22 NW 66.105361 -17.860750
D 12 69 SE 66.105500 -17.867306
L 174 31 SW 66.106111 -17.868639
L 174 31 SW 66.106111 -17.868639
D 315 72 NE 66.128806 -17.993250
D 105 81 SW 66.129000 -17.996222
D 276 60 NE 66.127694 -17.981944
L 258 41 NW 66.120083 -17.960361
D 292 90 66.121639 -17.954667
L 183 41 NW 66.106806 -17.928556
L 183 41 NW 66.105944 -17.931000
D 299 84 SW 66.104944 -17.932639
D 305 85 SW 66.104806 -17.934250
D 88 75 SE 66.102778 -17.975611
L 190 30 NW 66.102222 -17.977722
L 222 27 NW 66.102694 -17.978250
D 114 80 SW 66.102639 -17.978500
L 200 31 NW 66.102167 -17.975833
L 213 35 NW 66.102139 -17.974861
L 219 42 NW 66.103278 -17.968667
L 218 34 NW 66.103222 -17.968444
L 180 42 NW 66.102333 -17.965361
L 184 28 NW 66.103056 -17.968028
L 218 39 NW 66.103417 -17.968361
L 213 30 NW 66.103167 -17.967583
L 213 30 NW 66.103250 -17.967417
L 232 36 NW 66.103167 -17.966889
L 217 28 NW 66.103250 -17.966778
L 211 35 NW 66.103083 -17.966833
L 223 36 NW 66.103250 -17.966167
L 209 40 NW 66.103000 -17.966056
L 209 35 NW 66.103444 -17.965583
D 110 72 SW 66.103694 -17.964694
171
D 124 82 SW 66.104917 -17.961139
D 112 65 SW 66.106222 -17.956222
L 221 33 NW 66.103694 -17.982000
L 228 32 NW 66.103444 -17.979722
L 213 31 NW 66.102778 -17.979222
L 203 37 NW 66.103444 -17.978528
L 227 29 NW 66.102694 -17.979111
L 222 31 NW 66.103556 -17.967833
L 215 35 NW 66.103306 -17.967444
L 205 27 NW 66.102944 -17.968417
L 215 35 NW 66.103556 -17.969472
L 212 36 NW 66.103194 -17.968944
L 231 34 NW 66.103611 -17.969194
L 226 40 NW 66.103806 -17.969500
L 219 32 NW 66.103833 -17.969667
L 211 39 NW 66.142833 -18.057500
L 205 31 NW 66.143222 -18.055472
D 282 85 NE 66.143528 -18.052556
L 194 34 NW 66.143222 -18.055528
L 193 34 NW 66.143611 -18.054778
D 285 90 66.134194 -18.066944
L 225 37 NW 66.134083 -18.067306
L 224 31 NW 66.132472 -18.069833
D 60 74 SE 66.132167 -18.069917
L 190 33 NW 66.109500 -18.107972
L 184 37 NW 66.110111 -18.106306
L 197 32 NW 66.111667 -18.104528
L 198 28 NW 66.113583 -18.102417
L 221 31 NW 66.113417 -18.101556
L 210 30 NW 66.114056 -18.098528
D 305 78 NE 66.114333 -18.096417
D 298 87 NE 66.114417 -18.096417
L 233 32 NW 66.114389 -18.093639
L 190 30 NW 66.103306 -18.119889
L 207 25 NW 66.103694 -18.119278
L 210 31 NW 66.106528 -18.114167
L 194 25 NW 66.107306 -18.112056
L 204 22 NW 66.108417 -18.110083
L 209 33 NW 66.114583 -18.093056
L 194 27 NW 66.109583 -18.108083
L 199 33 NW 66.105806 -18.113528
L 204 30 NW 66.113833 -18.100056
L 218 31 NW 66.085750 -18.073583
L 168 29 SW 66.083583 -18.071028
D 58 76 SE 66.083417 -18.070667
D 45 78 SE 66.083694 -18.071139
D 75 72 SE 66.080722 -18.068667
D 20 64 SE 66.072306 -18.072306
D 65 72 SE 66.072139 -18.072028
172
L 198 32 NW 66.072139 -18.072528
L 192 32 NW 66.072194 -18.071444
D 40 69 SE 66.069000 -18.076083
D 223 61 NW 66.072194 -18.071972
D 23 65 SE 66.070417 -18.070889
L 212 22 NW 66.069472 -18.070972
D 51 59 SE 66.069222 -18.071167
D 45 76 SE 66.068889 -18.070333
L 172 23 SW 66.071778 -18.076111
L 171 30 SW 66.071611 -18.076972
L 181 29 NW 66.071222 -18.077972
L 165 10 SW 66.064639 -18.080694
L 168 16 SW 66.064333 -18.081444
L 158 24 SW 66.064111 -18.081750
L 160 22 SW 66.063306 -18.082472
L 183 30 NW 66.061667 -18.084139
D 14 72 SE 66.061361 -18.084861
L 188 28 NW 66.060583 -18.084167
D 8 84 SE 66.059250 -18.090833
L 168 20 SW 66.059472 -18.092639
D 34 74 SE 66.067528 -18.067028
D 31 70 SE 66.066417 -18.066000
D 35 68 SE 66.066278 -18.065806
D 3 70 SE 66.066000 -18.065222
D 20 84 SE 66.066278 -18.065611
D 40 78 SE 66.062500 -18.063639
D 30 90 66.062139 -18.062361
L 179 22 SW 66.072056 -18.076361
L 203 23 NW 66.072056 -18.075361
L 168 22 SW 66.070278 -18.077278
L 207 29 NW 66.070611 -18.076778
L 192 23 NW 66.066528 -18.078722
L 192 23 NW 66.066278 -18.078889
L 192 23 NW 66.065806 -18.077917
L 155 17 SW 66.066028 -18.079278
L 162 20 SW 66.064833 -18.079556
L 158 19 SW 66.064806 -18.080056
L 155 15 NW 66.063694 -18.082111
D 10 87 SE 66.000250 -18.262694
D 15 90 66.010889 -18.272889
D 18 90 66.015194 -18.278583
D 25 87 SE 66.015306 -18.278889
D 350 90 66.015750 -18.279333
D 12 90 66.012694 -18.275000
D 40 90 65.999306 -18.261861
L 126 11 SW 65.998500 -18.260389
L 94 14 SW 65.997028 -18.260917
D 20 90 65.996083 -18.259750
D 346 89 NE 65.994500 -18.259528
173
D 15 90 65.999083 -18.261222
D 351 81 NE 65.993750 -18.258306
D 350 90 65.993333 -18.256889
D 15 85 SE 65.993389 -18.257000
D 193 88 NW 65.993389 -18.256556
L 133 18 SW 65.994083 -18.259111
L 127 14 SW 65.992250 -18.254778
L 116 16 SW 65.991750 -18.254306
D 18 90 65.991444 -18.254361
D 20 90 65.990806 -18.253167
L 124 17 SW 65.990500 -18.252861
L 104 12 SW 65.989722 -18.252000
D 17 90 65.989889 -18.252556
D 340 90 65.989333 -18.251806
D 160 90 65.988750 -18.249917
L 102 15 SW 65.254500 -18.249583
L - - 65.987333 -18.248722
L - - 65.253222 -18.248917
L 118 11 SW 65.252861 -18.248306
L 117 13 SW 66.011417 -18.273833
L 136 10 SW 66.022389 -18.279194
L 116 10 SW 66.022944 -18.280583
L 111 12 SW 66.002222 -18.262444
L 103 12 SW 66.014111 -18.276861
L 121 11 SW 66.019972 -18.282000
L 149 10 SW 65.986194 -18.248306
L 128 9 SW 65.982250 -18.245556
L 128 9 SW 65.981861 -18.245639
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